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ABSTRACT
The kinetic parameters for the pyrolysis of bitumen-impregnated sandstone (tar 
sand) particles have been determined by thermogravimetric analysis (TGA). The 
experimental techniques included both isothermal and nonisothermal methods. The 
tar sand deposits investigated in this study, all of which are oil-wet sands from the 
Uinta Basin in the State of Utah, included PR Spring Rainbow I, Whiterocks, and 
Sunnyside, The pyrolysis of tar sand particles 1 and 4 millimeters in diameter has 
been investigated. The isothermal experiments indicated that first-order kinetics fit 
most of the bitumen conversion range for high pyrolysis temperatures, while a second- 
order assumption describes the data best at low pyrolysis temperatures. The first-order 
assumption gave an apparent activation energy of approximately 30 Kcal/mol, while the 
second order assumption gave an apparent activation energy of about 50 Kcal/mol. 
The nonisothermal data were analyzed according to Friedman’s procedure and the 
overall integral method. The results of the analyses gave a mixed reaction order 
between one and two, with an apparent activation energy of approximately 40 Kcal/mol.
The intrinsic kinetics of the combustion of the carbonaceous residue or coke 
deposited on the sand during pyrolysis was studied by TGA. Nonisothermal 
experiments with a fixed heating rate but with various oxygen partial pressures were 
conducted. The results were analyzed to obtain the kinetic parameters by the integral 
method and by the method of Freeman and Carroll. The analyses indicate a reaction 
order between one and two relative to the unreacted fraction of coke and a fractional
order dependence on oxygen partial pressures. The first-order assumption with respect 
to the unreacted fraction of coke led to an apparent activation energy of 28 kcal/mol 
and an oxygen partial pressure dependence of 0,5, The second-order assumption gave 





LIST OF TABLES............................................... ......... ...............................................  ix
LIST OF FIGURES ..................................................................................................... x




Tar Sand Resources and Distribution ............................ ..................  3
Recovery of Tar Sand Bitumen............................................................ 5
In-Situ Processes................................................................... 10
Mining-Surface Recovery Processes.................................... 13
Origin and Geology of Tar Sands .....................................................  15
Research Objectives.........................................................................  17
2. LITERATURE SURVEY . ....................................................................  18
Definition of Bitumen-Impregnated Sandstone ............................... ...18
Characteristics of Tar Sands ...............................................................20
Nature of Sand Matrix ......................................................... ...21
Sand Grain Size Distribution ...................................................23
Water Content....................................................................... ...26
Bulk Properties .................................................................... ...30
Properties of Tar Sand Bitumens............................................30
Pyrolysis of Oil Shale and Tar S a nd ...................................................42
Pyrolysis of Oil S ha le ...............................................................42
Pyrolysis of Tar Sand Bitumen............................................. ...55
Combustion of the Carbonaceous Residue .......................................59
Page
3. EXPERIMENTAL APPARATUS AND PROCEDURE 61
Introduction.......................................... ................................... .. , . . 61
Thermogravimetric Analysis Apparatus ........................................... ..61
Description of the Instrument............................................... ..64
Operating Procedures....................................................................... ..65
Nonisothermal Method ......................................................... ..65
Isothermal M ethod................... ...............................................68
4. EXPERIMENTAL RESULTS AND DISCUSSION ...............................  70
Kinetics of the Thermal Pyrolysis of Tar Sand Bitumen ................. 70
Experimental Results ............................................................ 70
Isothermal Mode ..................................................................  72
First-Order Assumption.........................................................  73
Second-Order Assumption....................................................  86
Nonisothermal Mode ......................................... .. ...............105
Friedman’s Procedure..................... ............................ 105
Overall Integral Method......................................................... 126
Discussion.......................................................................................... 150
Intrinsic Kinetics of the Combustion of Coked Sand ..................... 155
Experimental Results .................................................. 155
Integral Method . ................................................................... 156
The Method of Freeman and Carroll....................................200
Discussion......................................................................................... 201
5. CONCLUSIONS .................................................................................218
Conclusions Related to the Pyrolysis of Tar Sand Particles ......... 218
Isothermal Analysis ............................ .................................218
Nonisothermal Analysis.............................. ......................... 219
Conclusions Related to the Combustion of Coked Sands ............220
APPENDICES
A. CONVERSION OF BITUMEN VERSUS REACTION TIME AT 
VARIOUS TEMPERATURES-ISOTHERMAL T G A ................... .. 221
B. CONVERSION OF BITUMEN VERSUS TEMPERATURE AT 
VARIOUS HEATING RATES-NONISOTHERMAL TG A ..................... 228
C. ARRHENIUS PLOTS FOR THE EVAPORATION REGION
OF ISOTHERMAL PYROLYSIS OF TAR SAND BITUMEN .............. 232
D. ANALYTICAL SOLUTIONS OF THE COUPLED SECOND-ORDER 
PARTIAL DIFFERENTIAL EQUATIONS............................................. 234
REFERENCES .............. ............................................................................... 246
VITA .................................................................. ....................... 256
viii
Copyright © Liang C. Lin 1988 
All Rights Reserved
T H E  U N IV E R S IT Y  O F  U T A H  G R A D U A T E  S C H O O L
SUPERVISORY COMMITTEE APPROVAL
o f a  dissertation submitted by  
Liang Ching Lin
This dissertation has been read by each member o f the following supervisory 
committee and by majority vote has been found to be satisfactory.
Chair: Francis V. Hanson
am
Alex G. Obi ad
David M, Bodily^ J S )
4  ? * > , / } &  _
77 /  Sohn
/ *?$ ?  _
David W. Pershing
THE UNIVERSITY OF UTAH GRADUATE SCHOOL
FINAL READING APPROVAL
To the Graduate Council of the University of Utah:
I have read the dissertation of Liang Ching Lin______________
in its final form and have found that (1 ) its format, citations, and bib­
liographic style are consistent and acceptable; (2) its illustrative mate­
rials including figures, tables, and charts are in place; and (3 ) the final 
manuscript is satisfactory to the Supervisory Committee and is ready 
for submission to the Graduate School.
i-rancis v. Hanson
Chair, Supervisory Committee
Approved for the Major Department
rL. Anderson
Chair/Dean
Approved for the Graduate Council
B. Gale Dick 
Dean of The Graduate School
LIST OF TABLES
1.1 Estimated Tar Sand Resources of the World .................................... 4
1.2 Estimated Tar Sand Resources of U tah .............................................  8
2.1 Partial Mineral Analysis of the Mineral Substrates from
the Uinta Basin Tar Sand Deposit ................................................ 22
2.2 Bitumen Saturation, Porosity, and Air Permeability
of Canadian and Utah Tar Sands..................................................  31
2.3 Physical and Chemical Properties of Extracted Bitumens . . . . . . .  33
2.4 Correlation of Asphaltenes and Volatility, Asphaltics,
and 1,000°F+ Residue of Utah Tar Sand Bitumens.....................  35
2.5 Typical Composition of Green River Oil Shale ...............................  43
4.1 Kinetic Parameters for Tar Sand Pyrolysis; Isothermal TGA ..........106
4.2 Kinetic Parameters for Tar Sand Pyrolysis; Nonisothermal TGA . . 143
4.3 Carbonaceous Residue Content for Tar Sand Pyrolysis;
Isothermal T G A ...............................................................................152
4.4 Kinetic Parameters for the Combustion of the Carbonaceous
Residue on the Spent Sand; Nonisothermal T G A ........................174
Table Page
LIST OF FIGURES
1.1 Location of the Major Tar Sand Deposits of U tah ............................. 6
2.1 Scanning Electron Photomicrographs of Utah White rocks
Tar Sand After Combustion in Air at 773 K .................................  24
2.2 Physical Arrangement of the Utah and Canadian Tar Sands . . . .  28
2.3 Viscosity-Temperature Dependence of Tar Sand Bitumens............ 38
3.1 Schematic Diagram of the Thermogravimetric Analysis Apparatus . 62
4.1 Bitumen Conversion Versus Reaction Time at Various
Temperatures; Pyrolysis of PR Spring Rainbow I Tar Sand . . . .  74
4.2 Bitumen Conversion Versus Reaction Time at Various
Temperatures; Pyrolysis of Sunnyside Tar Sand ........................... 76
4.3 Bitumen Conversion Versus Reaction Time at Various
Temperatures; Pyrolysis of Whiterocks Tar Sand ........................ 78
4.4 Test for First-Order Kinetics at Various Temperatures;
Pyrolysis of PR Spring Rainbow I Tar Sand.................................  80
4.5 Test for First-Order Kinetics at Various Temperatures;
Pyrolysis of Sunnyside Tar Sand ..................................................  82
4.6 Test for First-Order Kinetics at Various Temperatures;
Pyrolysis of Whiterocks Tar Sand.................................................. 84
4.7 Arrhenius Plots for First-Order Kinetics;
PR Spring Rainbow I Tar Sand .....................................................  87
4.8 Arrhenius Plots for First-Order Kinetics; Sunnyside Tar Sand . . . .  89
4.9 Arrhenius Plots for First-Order Kinetics; Whiterocks Tar Sand . . . .  91
4.10 Test for Second-Order Kinetics at Various Temperatures;
Pyrolysis of PR Spring Rainbow I Tar Sand .................................  93
Figure Page
4.11 Test for Second-Order Kinetics at Various Temperatures;
Pyrolysis of Sunnyside Tar Sand ...................................................  95
4.12 Test for Second-Order Kinetics at Various Temperatures;
Pyrolysis of Whiterocks Tar S and ...................................................  97
4.13 Arrhenius Plots for Second-Order Kinetics;
PR Spring Rainbow I Tar Sand ....................................................  99
4.14 Arrhenius Plots for Second-Order Kinetics;
Sunnyside Tar Sand......................................................... ............. 101
4.15 Arrhenius Plots for Second-Order Kinetics;
Whiterocks Tar Sand ..................................................................... 103
4.16 Bitumen Conversion Versus Temperature at Various Heating
Rates; Pyrolysis of PR Spring Rainbow I Tar S and ..................... 107
4.17 Bitumen Conversion Versus Temperature at Various Heating
Rates; Pyrolysis of Sunnyside Tar Sand ...................................... 109
4.18 Bitumen Conversion Versus Temperature at Various Heating
Rates; Pyrolysis of Whiterocks Tar S and ...................................... 111
4.19 Friedman’s Procedure for the Determination of Kinetic
Parameters; PR Spring Rainbow I Tar Sand ............................... 114
4.20 Friedman’s Procedure for the Determination of Kinetic
Parameters; Sunnyside Tar Sand ...................................................116
4.21 Friedman's Procedure for the Determination of Kinetic
Parameters; Whiterocks Tar Sand ................................................118
4.22 Kinetic Parameters as a Function of Conversion;
PR Spring Rainbow I Tar Sand .................................................... 120
4.23 Kinetic Parameters as a Function of Conversion;
Sunnyside Tar Sand....................................................................... 122
4.24 Kinetic Parameters as a Function of Conversion;
Whiterocks Tar Sand ..................................................................... 124
4.25 Determination of the Preexponential Factor and Reaction
Order; Pyrolysis of PR Spring Rainbow I Tar S and ..................... 127
4.26 Determination of the Preexponential Factor and Reaction
Order; Pyrolysis of Sunnyside Tar Sand ...................................... 129
xi
4.27 Determination of the Preexponential Factor and Reaction
Order; Pyrolysis of Whiterocks Tar S and .......................................131
4.28 Overall Integral Method for the Determination of Kinetic
Parameters; PR Spring Rainbow I Tar Sand ................................137
4.29 Overall Integral Method for the Determination of Kinetic
Parameters; Sunnyside Tar S a n d ...................................................139
4.30 Overall Integral Method for the Determination of Kinetic
Parameters; Whiterocks Tar Sand .............................................. . 141
4.31 Comparison Between Experimental Data and Calculated
Curves Using the Overall Kinetic Parameters;
PR Spring Rainbow I Tar Sand ......................................................144
4.32 Comparison Between Experimental Data and Calculated
Curves Using the Overall Kinetic Parameters;
Sunnyside Tar Sand .........................................................................146
4.33 Comparison Between Experimental Data and Calculated
Curves Using the Overall Kinetic Parameters;
Whiterocks Tar Sand . .................................................................... 148
4.34 Carbonaceous Residue Combustion at Various Oxygen
Partial Pressures; Weight Percent Remaining Versus 
Temperature; Spent Sand Formed at 773 K;
PR Spring Rainbow I ...................................................................... 159
4.35 Conversion Versus Temperature for Combustion of
Carbonaceous Residue at Various Oxygen Partial 
Pressures; Spent Sand Formed at 773 K;
PR Spring Rainbow I ...................................................................... 162
4.36 Conversion Versus Temperature for Combustion of
Carbonaceous Residue at Various Oxygen Partial 
Pressures; Spent Sand Formed at 823 K;
PR Spring Rainbow I ...................................................................... 164
4.37 Conversion Versus Temperature for Combustion of
Carbonaceous Residue at Various Oxygen Partial 
Pressures; Spent Sand Formed at 873 K;
PR Spring Rainbow I . ....................................................................166
4.38 Test for the Kinetics of the Carbonaceous Residue
Combustion; Spent Sand Formed at 773 K;
PR Spring Rainbow I ..................................................................... 168
xii
4.39 Test for the Kinetics of the Carbonaceous Residue
Combustion; Spent Sand Formed at 823 K;
PR Spring Rainbow I ...................................................................... 170
4.40 Test for the Kinetics of the Carbonaceous Residue
Combustion; Spent Sand Formed at 873 K;
PR Spring Rainbow I ...................................................................... 172
4.41 Determination of the Dependence of the Reaction Rate
on Oxygen Partial Pressures; Spent Sand Formed
at 773 K; PR Spring Rainbow I ..................................................... 176
4.42 Determination of the Dependence of the Reaction Rate
on Oxygen Partial Pressures; Spent Sand Formed
at 823 K; PR Spring Rainbow I ..................................................... 178
4.43 Determination of the Dependence of the Reaction Rate
on Oxygen Partial Pressures; Spent Sand Formed
at 873 K; PR Spring Rainbow I ..................................................... 180
4.44 Conversion Curves for the Combustion of the Carbonaceous
Residue (Calculated Using Equations 4.38 and 4.39);
Spent Sand Formed at 773 K; PR Spring Rainbow I ................... 182
4.45 Conversion Curves for the Combustion of the Carbonaceous
Residue (Calculated Using Equations 4.38 and 4.39);
Spent Sand Formed at 823 K; PR Spring Rainbow I ................... 184
4.46 Conversion Curves for the Combustion of the Carbonaceous
Residue (Calculated Using Equations 4.38 and 4.39);
Spent Sand Formed at 873 K; PR Spring Rainbow I ................... 186
4.47 Comparison Between Experimental Data and Calculated Curves;
Oxygen Partial Pressures of 0.178 and 0.089 atm;
First- and Second-Order Assumptions;
Spent Sand Formed at 773 K; PR Spring Rainbow I ................... 188
4.48 Comparison Between Experimental Data and Calculated Curves;
Oxygen Partial Pressures of 0.045 and 0.022 atm;
First- and Second-Order Assumptions;
Spent Sand Formed at 773 K; PR Spring Rainbow I ................... 190
4.49 Comparison Between Experimental Data and Calculated Curves;
Oxygen Partial Pressures of 0.178 and 0.089 atm;
First- and Second-Order Assumptions;
Spent Sand Formed at 823 K; PR Spring Rainbow I ................... 192
xiii
4.50 Comparison Between Experimental Data and Calculated Curves;
Oxygen Partial Pressures of 0.045 and 0.022 atm;
First- and Second-Order Assumptions;
Spent Sand Formed at 823 K; PR Spring Rainbow I ................... 194
4.51 Comparison Between Experimental Data and Calculated Curves;
Oxygen Partial Pressures of 0.178 and 0.089 atm;
First- and Second-Order Assumptions;
Spent Sand Formed at 873 K; PR Spring Rainbow I ................... 196
4.52 Comparison Between Experimental Data and Calculated Curves;
Oxygen Partial Pressures of 0.045 and 0.022 atm;
First- and Second-Order Assumptions;
Spent Sand Formed at 873 K; PR Spring Rainbow I ................... 198
4.53 Plot of the Data According to the Method of Freeman and Carroll;
Oxygen Partial Pressures of 0.178 and 0.089 atm;
Spent Sand Formed at 773 K; PR Spring Rainbow I ................... 202
4.54 Plot of the Data According to the Method of Freeman and Carroll;
Oxygen Partial Pressures of 0.045 and 0.022 atm;
Spent Sand Formed at 773 K; PR Spring Rainbow I ................... 204
4.55 Plot of the Data According to the Method of Freeman and Carroll;
Oxygen Partial Pressures of 0.178 and 0.089 atm;
Spent Sand Formed at 823 K; PR Spring Rainbow I ................... 206
4.56 Plot of the Data According to the Method of Freeman and Carroll;
Oxygen Partial Pressures of 0.045 and 0.022 atm;
Spent Sand Formed at 823 K; PR Spring Rainbow I ................... 208
4.57 Plot of the Data According to the Method of Freeman and Carroll;
Oxygen Partial Pressures of 0.178 and 0.089 atm;
Spent Sand Formed at 873 K; PR Spring Rainbow I ................... 210
4.58 Plot of the Data According to the Method of Freeman and Carroll;
Oxygen Partial Pressures of 0.045 and 0.022 atm;
Spent Sand Formed at 873 K; PR Spring Rainbow I .................212
xiv
LIST OF SYMBOLS 
preexponential factor, s '1
concentration of bitumen, gas, heavy oil, and light oil; g 
cm"3
initial concentration; g cm-3
initial concentration of bitumen; g cm'3
heating rate, K s '1
effective diffusivity of heavy oil, light oil, and gas; cm2s '? 
activation energy; Kcal/mol'1 
average activation energy; Kcal/mol'* 
exponential integral; defined in equation 4.20 
defined in equations D.42, D.43, D.44, respectively 
rate constant
rate constant for bitumen decomposition, defined in 
equation D.9; s"1
rate constants for the pyrolysis scheme; s '1 
integral transform kernel, defined in equation D.33 
mass production rate of species j, defined in equation D.45 
order of reaction 
radial coordinate
universal gas constant, 1.987 cal mol'1 1C1; partial radius,
clock time; s 
temperature; K
nondimensional concentration of species j
integral transform of Uy, defined in equation D.32
mass of species j evolved, defined in equation D.46
nondimensional mass of species j evolved, defined in 
equation D.47
conversion; nondimensional radial coordinate defined in 
equation D.12
parameter defined in equations D14 through D22 
eigenvalues
nondimensional time, defined in equation D.10 
Thiele-type modulus for species j, defined in equation D.13
ACKNOWLEDGMENTS
I am greatly indebted to my advisor Professor Francis V. Hanson for his 
guidance, help, and encouragement. My association with him during this investigation 
has been extremely valuable. In addition, I am very grateful to Professor Alex G. Oblad 
for his advice and encouragement. I am delighted to have had the opportunity to work 
with Professors Hanson and Oblad, and will always remember this experience.
I am thankful to Professor Hong Y. Sohn for his advice, as much of this 
investigation has been inspired by his research activities. Special thanks are extended 
to the other members of my supervisory committee, Professors David M. Bodily and 
David W. Pershing. Appreciation is also extended to Professor Larry L. Anderson for 
his willingness to discuss aspects of this work with me.
I wish to thank the late Dr. Jay C. Dorius and Jerry Wiser for their assistance, 
and to extend appreciation to my colleagues in the tar sand research group for their 
encouragement and advice. I would also like to thank Audie King for obtaining the 
scanning electron photomicrographs. The faculty and staff of the Department of Fuels 
Engineering are acknowledged for their efforts on my behalf.
The financial support of the United States Department of Energy through the 
Laramie Project Office of the Morgantown Energy Technology Center and of the Mobil 
Research and Development Corporation through the Mobil Foundation grants to the 
Laboratory of Coal Science, Synthetic Fuels and Catalysis at the University of Utah are 
gratefully acknowledged.
I deeply and sincerely thank my parents, brother, and sisters for their love, 
patience, and understanding during my long absence from my homeland. I am deeply 
indebted to my father and mother for providing me with the desire for a good education 
and for the opportunity to obtain one. Finally, I want to thank my wife, Peifen Yang, 
for sharing my failures and successes during these years of my life.
CHAPTER 1
INTRODUCTION
Currently, the world’s primary energy demand is supplied from petroleum, with 
worldwide consumption totalling over 50 million barrels per day.* At present production 
rates, proven petroleum reserves are predicted to last 30 to 40 years, although future 
discoveries and improved recovery methods are expected to extend production by a 
number of years.2 However, most future petroleum production will have to come from 
increasingly marginal deposits in remote locations, which will result in higher production 
costs.
At present, there is an imbalance between domestic petroleum supply and 
demand in the Western economies, because the industrialized countries with high 
petroleum demand have either minimal oil production or are rapidly depleting their 
reserves. For example, the United States, western Europe, and Japan now consume 
60 percent of the world’s oil production, but account for only 18 percent of the world’s 
oil production, and possess only 10 percent of the world’s proven oil reserves. 1,2 The 
United States imports nearly 40 percent of the 15 million barrels it consumes daily,3 
Most of the easily-developed deposits of higher quality oil have already been 
discovered, so exploitation of lower grade fossil fuel resources such as coal, oil shale, 
and bituminous sands will be required in the future if the United States is to avoid 
significant dependence upon foreign producers for its energy supplies.
The largest reserves of the world’s nonrenewable energy resources are found 
in coal. Coal represents about 80 percent of the world’s proven energy reserves. 
These reserves are estimated to be 698 billion tons. The largest coal reserves (237 
billion tons) are found in the Soviet Union. The United States coal reserves are 
estimated to be 182 billion tons, which is about one-quarter of the world’s reserves.4
Oil shale resources are usually expressed in terms of petroleum-shale oil 
equivalents. The world’s identified oil shale resources, assaying at greater than 42 
liters/ton (11 gal/ton), are estimated to be 3,145 billion barrels.5,6 The United States 
possesses about two-thirds of these resources, and Brazil about one-quarter.5,6
The history of coal gasification can be traced back to 1792,7 whereas the 
interest in coal liquefaction is considerably more recent. Direct coal liquefaction was 
developed by Bergius starting in 1912.4,8 Indirect coal liquefaction is based on the 
pioneering research conducted by Fisher and Tropsch in the 1920s.4,9 During World 
War II, production of liquid fuels from coal was greatly expanded in Germany.70,77 
After the end of World War II, the German plants that produced liquid fuels from coal 
were shut down and dismantled, as inexpensive Middle Eastern petroleum crude was 
readily available. South Africa has continued to pursue the development of indirect coal 
liquefaction.
Although there is an abundant supply of coal, the use of coal as a source of 
liquid transportation fuels is limited by economic considerations. Because of the high 
yield of synthetic crude (3 to 3.5 barrels per ton of coal), the coal liquefaction process 
requires large amounts of hydrogen in the upgrading step due to the low atomic 
hydrogen-to-carbon ratio of the produced coal liquids (about 0.8 compared to about 1.5
for tar sands). The coal gasification process is not thermally efficient, since the carbon 
bonds in the coal must first be broken, as in gasification, and then recombined in a 
subsequent step to produce the desired product slate.
The shale oil industry started in France, in 1838, where oil shale was distilled to 
make lamp fuel.*2 Oil shale retorting began in Fushun, Manchuria, in 1929 , under 
control of the Japanese during World War II. The plant produced 3,600 barrels per 
day of crude shale oil.*2 Oil shale operations have been undertaken in many other 
countries, including one plant in Estonia where gas, oil, and electric power has been 
produced since 1921.*3 The recovery of synthetic crude from oil shale can be 
accomplished by above-ground retorting of mined shale or by in-situ techniques. 
Various processes, including both recovery methods, have been reviewed by 
Baughman.*4
Tar Sand Resources and Distribution 
Tar sand deposits are found on all continents except Australia. The total 
resource is estimated to be 2,300 billion barrels in-place.*2 The majority of tar sand 
resources are located in Canada, Colombia, Venezuela, and the U.S.S.R. The major 
tar sand resources of the world are listed in Table 1.1.*5'* 8 The deposits listed are 
identified resources, that is, those portions of the bitumen in-place estimated to be 
economically recoverable, and do not include reserves.*2
The United States has a relatively small tar sand resource base, almost all of 
which had been previously attributed to the eastern half of the State of Utah; however, 
recent tar sand resource estimates have attributed a larger share of the total resource
4Table 1.1
Estimated Tar Sand Resources of the World*5'* 8
Country Estimated Recoverable Deposits 
(billions of barrels)
Canada 900 - 1,200
Columbia 1,139 - 1,140
Venezuela 690
U.S.S.R. 600
Trinidad and Tobago 68
United States 54
Malagasy Republic 1.75
Adapted from references 15-18.
to the other states.15 The total U.S. resource is now estimated to be 54 billion barrels, 
as compared to the previously-estimated 28 billion barrels.16
The major Utah tar sands deposits occur in and near the Uinta Basin of 
northeastern Utah and in the central-southeastern part of the state, as indicated in 
Figure 1.1. The estimated bitumen resources in the major Utah deposits are presented 
in Table 1.2.19
Recovery of Tar Sand Bitumen 
Tar sand bitumen may be recovered by two methods: in-situ recovery, and 
mining-surface recovery processes. Three major factors affect the economic recovery 
of the bitumen or bitumen-derived hydrocarbon liquids from tar sand deposits: bitumen 
concentration or saturation, overburden thickness (or accessibility), and thickness of the 
saturated or pay zone.*4 Current surface mining methods are applied to shallow 
deposits characterized by an overburden-to-pay zone ratio (i.e., the ratio of the 
overburden depth to the thickness of bitumen-saturated zone) of one or less.20 In 
some instances, 1.5 is an acceptable ratio.*4 The overburden thickness of the 
Athabasca deposits varies from 0-2,000 feet, the maximum pay zone thickness of these 
deposits is about 300 feet, and the average pay zone depth is about 150 feet. Thus, 
less than 10 percent of the in-place resource is amenable to surface mining.2* Deeper 
deposits are amenable to underground or in-situ recovery. Deposits with an overburden 
thickness greater than 250 feet and up to 2,500 feet can be exploited with current 
technology by in-situ techniques. Therefore, more than 80 percent of the Athabasca
17 OOdeposit may be recovered by in-situ techniques.
6Figure 1.1
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Tar Sand Triangle 2,500 9,500 - 14,000
Sunnyside 1,800 5,200 - 5,850
PR Spring 2,500 4,250
Circle Cliffs 707 1,307
Hill Creek 350 1,160
Asphalt Ridge 435 1,048
San Rafael Swell 35 445 - 545
Whiterocks 50 125 - 140
Asphalt Ridge, N.W. 2 100 - 125
Total minor deposits 60 250 - 343
TOTAL 8,430 23,385 - 29,318
Adapted from reference 19.
Surface mining is not considered to be economical for bitumen saturations of 
less than 10 weight percent since large amounts of ore must be processed to recover 
the bitumen. In the Canadian operations, Syncrude Canada, Ltd., and Suncor [formally 
Great Canadian Oil Sands, Ltd., (GCOS)] store lower or leaner grade ores (less than
10 weight percent) for future processing when crude prices rise and the richer grade 
ores (greater than 10 weight percent) have been mined and processed. About 30 
percent of the Athabasca deposits contain less than 10 weight percent bitumen and are 
excluded from initial consideration for mining applications.20 Thus, consideration of 
mining efficiency leads to the conclusion that approximately 4 percent of the Canadian 
tar sand resource is economically recoverable by surface mining-recovery techniques. 
Nevertheless, this 4 percent still amounts to 38 billion barrels of bitumen in-place,*2 a 
significant resource.
In general, the Utah tar sand deposits have lower bitumen saturations, thinner 
saturated zones, and thicker overburden compared to the Canadian deposits. 22 Less 
than 10 percent of the Utah tar sands are suitable for mining-surface recovery 
applications.*2 Glassett and Glassett23 suggested that the Sunnyside and Tar Sand 
Triangle deposits are suitable for surface mining projects. The Sunnyside deposit is the 
largest Uinta Basin tar sand deposit. It possesses moderate bitumen saturation (about 
8 weight percent), a gross thickness of between 15 and 550 feet, and overburden 
thickness of 0-500+ feet.24 The Tar Sand Triangle deposit is reported to have bitumen- 
saturated zones ranging between 5-300+ feet in thickness, with overburden thicknesses 
ranging from 0 to 500+ feet24 The deposit contains relatively low grade ore with 
bitumen saturations of less than 5 weight percent. The resource estimate for the Tar
9
Sand Triangle was recently decreased from 12.5-16 billion barrels to 3 billion 
barrels;75,25,26 however, this reduction is the subject of considerable dispute.27 These 
facts, combined with environmental concerns, probably exclude the Tar Sand Triangle 
deposit as a candidate for mining-surface recovery processes.
The bitumen recovery techniques reviewed by Camp27 and Baughman74 are 
briefly discussed below.
In-Situ Processes
A minimum overburden depth is needed in order to contain the pressurized 
fluids injected into the formation. The formation below the tar sand zone must have a 
minimum permeability to prevent the loss of the mobilized bitumen or bitumen-derived 
liquid. A minimum thickness of the saturation zone is also required to minimize heat 
losses to the surrounding formations. The permeability must be sufficiently high to 
permit adequate communication between the injection well and the production wells. 
Conventional crude oil is produced from the oil-bearing formations by drilling wells into 
the formation. The oil is driven from the formation and into the production wells by 
energy stored in the formation in the form of a gas cap or water drive. In-situ bitumen 
recovery techniques are similar to those applied in secondary and tertiary recovery 
schemes for conventional and heavy crude oils. The objective of in-situ methods is to 
improve the mobility of the bitumen or heavy oil by decreasing the viscosity. Current 
approaches involve heating and pressurizing the hydrocarbon deposit. These 
approaches are described briefly below.
Combustion. This process is often referred to as fireflooding, or as the partial 
combustion method. The energy is generated by igniting the oil in the formation and
10
sustaining it in a state of partial combustion. The high temperatures decrease the 
viscosity of the bitumen or heavy oil and improve the mobility. In addition, the high 
formation temperatures cause coking of the oil so that the liquid produced from the 
reservoir is already partially upgraded. Combustion recovery methods are classified 
as either forward combustion, where the combustion front moves in the same direction 
of the air flow, or reverse combustion, when the combustion front and the air flow move 
in opposite directions. In either case, combustion occurs at the interface where air 
contacts hot, unburned oil or coke deposited in the host rock.
Two reverse combustion schemes have been tested by the Laramie Energy 
Technology Center (LETC) on the Northwest Asphalt Ridge deposit in the State of 
Utah.28,29 The first test was unsuccessful due to channeling of the flame front through 
the reservoir. An improved sweep efficiency was achieved in the second test, and 
about 25 percent of the original bitumen in-place was recovered. The produced 
hydrocarbon liquid was quite similar to native bitumen 28
Steam stimulation. Thermal energy is supplied to the formation by steam. 
When sufficient steam has been injected, the injection wells are shut-in for a period of 
time to allow the formation temperature to rise. When the formation temperature has 
reached a specified value, the injection wells are placed in production and the reservoir 
fluids are produced. Pumping of the product is required as the wells cool and 
production declines. A steam injection field test was conducted by LETC in the 
Northwest Asphalt Ridge tar sand area.30 The test lasted 160 days and 1,150 barrels 
of hydrocarbon liquid was produced. The produced liquid was quite similar to native 
bitumen. A commercial project in the Cold Lake deposit of Alberta, Canada, has been
initiated by ESSO Resources, Ltd.37 The target production rate is 145,000 barrels per 
day, and at present a rate of 90,000 barrels per day has been reached. Several field
oftests have been conducted using a cyclic steam injection method.
Combination of forward combustion and water flood fCOFCAW). This technique 
was developed by Amoco Canada, Ltd.32 In the combined combustion and water- 
injection process, the temperature of the formation is increased by the forward 
combustion technique, after which water is injected along with air. The injected water 
increases the rate of advance of the combustion front, and the generated steam moves 
ahead to spread the heat uniformly through the formation. This helps to drive the oil 
to the production wells. In addition, the injected water reduces the amount of bitumen 
consumed in the combustion process, and the percentage of bitumen recovered is 
increased. The first COFCAW test was conducted in the Athabasca deposit 
(Canada) 32 Thirty-two percent of the original bitumen in-place was produced in this 
test and was a partially upgraded hydrocarbon liquid.
Fracture-assisted steam injection. This process has been developed by Conoco, 
Inc., and is known as the "FAST" process for fracture-assisted steamflood technology. 
The FAST process is capable of recovering sand-free bitumen at high rates from 
resources too deep to mine. The first pilot test of the FAST process was conducted 
in the San Miguel tar sand deposit at the Street Ranch site. During a 31 -month period 
ending in 1980, 169,000 barrels of tar were produced. Special well completions were 
used to inject steam into a five-acres inverted spot pattern, and a steam-to-produced 
oil ratio of 10,9 bbls/bbl was achieved. Tar recovery was about 67 percent of the tar
oooriginally in place in the zone swept in the pilot pattern.
12
Mininq-Surface Recovery Processes
Alternatives to the in-situ methods are the mining surface-processing schemes, 
that is, mining of the tar sand followed by above-ground bitumen extraction and 
upgrading. Several techniques have been investigated.
Hot water process. This process was first developed by Clark34 for application 
to the Canadian tar sands. Three steps are involved in this method: conditioning, 
separation, and scavenging. In the conditioning step, tar sand feed is heated and 
mixed with hot water, and the lumps of tar sand (as mined) are reduced in size by 
ablation. The screened pulp is mixed with water and sent to the separation cell. In the 
separation step, the sand settles in the separation cell and is removed as tailings; the 
bitumen then floats to the surface and is removed as a froth. In the scavenging step, 
the bitumen froth is separated from the sand in the froth settler. A pilot plant based 
on a modified hot water process was successful in processing tar sands from Utah 
deposits.35 The overall bitumen recovery was 95 percent with the Asphalt Ridge tar 
sand.
Solvent-assisted aqueous separation process. A solvent-assisted aqueous 
separation process has been developed for both hot- and cold-water applications. 
Depending on the viscosity of the natural bitumen, an amount of diluent (usually 
kerosene) is added to the tar sand in order to control the bitumen viscosity. An 
aqueous alkaline solution was also added to maintain the appropriate pH value. 
Experimental results indicated that the bitumen viscosity is an important factor in 
determining the separation efficiency 36,37 The solvent-assisted hot-water process is 
carried out at a moderate temperature rather than near the boiling point of water; thus,
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the energy requirement is reduced. Piiot-plant processing of both Utah and Canadian 
tar sands was investigated at the University of Utah,24'37 The solvent-assisted cold- 
water separation process has been investigated in an attempt to reduce the energy 
demand in the extraction process with low grade Utah tar sands (< 8 percent bitumen 
saturation).24 Two pilot plants based on different solvent-assisted cold-water processes 
have been investigated in Canada.2*
Solvent extraction. The bitumen is dissolved and separated from the sand by 
mixing a light hydrocarbon solvent such as trichloroethylene, toluene, tri- and 
tetramethylbenzene with the tar sand. The bitumen is recovered from the solvent by 
distillation and the slurry is washed in a multistage extraction process. Several pilot 
plants employing solvent extraction techniques have been tested in both Canada and 
the United States.23'38
Thermal process. At elevated temperatures, the bitumen undergoes 
simultaneous cracking and distillation/evaporation to form gaseous and liquid products 
and a carbonaceous residue on the sand grains. These processes are often referred 
to as direct coking, retorting, or pyrolysis. The thermal processes involve either direct 
or indirect heating in a fluidized-bed or rotary kiln process unit. The fluidized-bed 
pyrolysis of Utah tar sands has been investigated extensively at the University of 
Utah.39'42 The maximum yield of the bitumen-derived hydrocarbon liquid was 
approximately 70 weight percent of the bitumen fed, depending upon the nature of the 
bitumen. The produced hydrocarbon liquid yield decreased with increased pyrolysis 
temperature and increased with decreased sand retention time.40*42
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Origin and Geology of Tar Sands 
The origin and geological history of tar sand bitumens have been the subject 
of debate and speculation among geologists and geochemists. Several theories have 
been proposed; Barton43 studied the chemical composition of the Gulf Coast crude oils 
and found that oils taken from shallower reservoirs are heavy and asphaltic in nature, 
whereas those in deeper reservoirs are light and paraffinic. He concluded that the 
deeper deposits were mature petroleums, and the shallow ones were immature 
protopetroleums. Since the maturation progression is presumed to be thermal in origin, 
due to increasing burial depth, Barton proposed that the bitumen in tar sand deposits 
be classified as immature, unaltered hydrocarbon deposits by virtue of their shallow 
occurrence. Seyer,44 in contrast, proposed that petroleum is formed largely from 
natural waxes, which were initially paraffinic in nature. The maturation process results 
in a progression from paraffinic species to asphaltenes, to the ultimate products; coke 
and dry gas. The two preceding arguments are considered to be the "local formation" 
theories. The migration theory, on the other hand, suggests that the original petroleum 
crude migrated into sand deposits, which may have been initially filled with water. 
Later, when the overburden pressure was relieved, the light ends evaporated, leaving 
a highly viscous residue.14 It has also been proposed that tar sand deposits may 
result from water washing and bacterial degradation of medium gravity oil.18,45 The 
light hydrocarbons are removed by water washing while biodegradation removes the 
normal paraffins. The resultant heavy oil possesses a higher density, viscosity, and 
sulfur content. Crude oil has also been shown to be biodegradable by certain bacteria 
to bitumen-like materials 45,46 None of the preceding theories, however, can account
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for the extremely high content of vanadium or the combination of vanadium and sulfur 
in some of the tar sand and heavy oil deposits.
Considerable information regarding the geology and origins of tar sand bitumen 
has been published. The Athabasca tar sands of Canada and the Orinoco tar sands 
of Venezuela appear to have similar origins. A large portion of the Athabasca tar sand 
deposits occur in lower Cretaceous age formations of marine origin,47 and appear to 
have migrated from source beds.*8 The tar sands of the Orinoco Tar Belt also occur 
in formations of marine origin dating from the Cretaceous and Tertiary periods.48 
Evidence suggests that the origin of the bitumen may be related to the migration of the 
petroleum crude into sandstone reservoirs.
Most tar sand deposits occur in stratigraphic traps associated with mild structural 
trapping.*8,49 The source rocks may play an important role in the formation of crude 
oil and bitumen. Breger50 suggested that conventional and heavy crude oil (bitumen) 
may have different origins based on the differences in the concentration of vanadium 
and sulfur (mean vanadium concentration is 0.1 ppm for conventional crude oils; heavy 
crude may contain as much as 3,000 ppm). Heavy crude oil and bitumens may have 
their genetic roots in carbonate deposits, whereas most conventional oils are thought 
to originate in shales.
Most of the studies regarding the origin and the geology of the tar sands in the 
United States have been focused on the Utah resources. The PR Spring, Hill Creek, 
and Sunnyside tar sand deposits are embedded in sandstone or siltstone of the Green 
River formation of Tertiary age; the Asphalt Ridge deposit is located in a formation of 
Cretaceous age; and the Whiterocks deposit is found in Navajo sandstone of the
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Jurassic age.*5,49 These northern Utah tar sand deposits were of fresh or brackish 
water origin.22,5* The southern Utah tar sand deposits are found in Triassic (Circle 
Cliffs) and Permian (Tar Sand Triangle) sandstones,75 and are of marine origin.22,57
Research Objectives 
This investigation was undertaken to achieve the following objectives:
1. to determine the kinetic parameters, that is, the reaction order, the activation 
energy, and the preexponential factor for the pyrolysis of tar sand bitumen that remains 
in contact with the sand matrix; and
2. to determine the kinetic parameters for the combustion of the carbonaceous 





The development of processing concepts and schemes for the exploitation of 
alternative fossil energy resources such as coal, oil shale, and tar sands requires an 
understanding of the physical and chemical properties of the individual resource under 
consideration. In addition, the kinetics and thermodynamics of the pyrolysis reactions 
must be investigated to provide a basis for process engineering and design studies.
Oil shale pyrolysis was included in the literature survey since thermal pyrolysis of the 
organic matter, kerogen, in oil shale produces a bitumen which is similar in nature to 
tar sand bitumen. The properties of tar sand deposits and the native bitumen are 
reviewed in this chapter, followed by a brief discussion of the properties of oil shale. 
Reported studies of the kinetics of oil shale and tar sands pyrolysis are reviewed and 
discussed. Finally, the kinetics of the combustion of the carbonaceous residue in 
retorted oil shale are examined.
Definition of Bitumen-Impregnated Sandstone 
Several different names such as tar sand, bituminous sand or sandstone, oil 
sand, oil-impregnated sand or rock, asphaltic rock, or sandstone have been used to 
describe oil-saturated sand deposits; however, 'tar sand" is the most widely-used term 
in the literature.
Tar sands are sedimentary rocks that contain a mixture of sand grains and 
high-viscosity hydrocarbon fluid called bitumen or very heavy oil that has an 
exceptionally high viscosity. Unlike the kerogen in oil shale, bitumen is a member of 
the petroleum family. It dissolves in organic solvents, and its viscosity decreases when 
it is heated. There was no widely-accepted tar sand definition until 1980, when the 
United States Department of Energy adopted the following definition:
Tar sand is any consolidated or unconsolidated rock
(other than coal, oil shale, or gilsonite) that:
(1) contains a hydrocarbonaceous material with a gas- 
free viscosity, measured at reservoir temperature, 
greater than 10,000 centipoise, or
(2) contains a hydrocarbonaceous material that is 
extracted from the mined or quarried rock.52
A distinction is often made between bitumen and heavy oil. The differences 
between these two classifications include the following:76,53
Bitumen Heavy Oil
1. Semisolid, no mobility 1. Very viscous, some mobility 
under reservoir conditions under reservoir conditions
2. No primary recovery under 2. Some primary recovery is 
reservoir conditions possible although uneconomical
3. Viscosity greater than 10,000 cp 3. Viscosity less than 10,000 cp 
at reservoir temperature at reservoir temperature
In order to formulate definitions for tar sand bitumen and heavy crude oil, a 
meeting of international experts was organized by the United Nations Institute for 
Training and Research (UNfTAR) in 1981. The meeting was attended by 
representatives of 14 technical organizations and societies from five countries. They
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proposed that tar sand bitumen and heavy crude oil be characterized first by viscosity 
and secondly by density. A hydrocarbon fluid is considered to be a tar sand bitumen 
if it has a gas-free viscosity greater than 10,000 cp at the original reservoir temperature 
or, when a viscosity measurement is not available, if it has a density greater than 1,000 
kg/m3 (less than 10° API gravity) at 60°F and atmospheric pressure. A hydrocarbon 
fluid is considered to be an extra-heavy crude oil if it has a density greater than 1,000 
kg/m3, and is considered a heavy crude oil if it has a density in the range from 934 to 
1,000 kg/m3 inclusive.53 These fluid classifications are summarized as follows;
Type of Crude Characteristics
I. Heavy Crude Density range from 1,000 kg/m3 (10°API) to
greater than 934 kg/m3 (20°API)
II. Extra-Heavy Crude Density greater than 1,000 kg/m3 (10°API);
maximum viscosity of 10,000 cp.
III. Tar Sand Bitumen Viscosity greater than 10,000 cp; density
greater than 1,000 kg/m3 (10°API).
Characteristics of Tar Sands 
It is assumed that the Utah tar sand deposits contain between 25 and 30 billion 
barrels of bitumen in-place.79 Ninety-five percent of this resource is found in seven 
major deposits. Five of these deposits, Asphalt Ridge, Hill Creek, PR Spring, 
Sunnyside, and Whiterocks, are located in the Uinta Basin. The other two, Circle Cliffs 
and Tar Sand Triangle, are located in the central-southeastern region of the state. The 
locations of the seven major deposits are indicated on the map in Figure 1.1. In all 
seven deposits, the bitumen is found to be in direct contact with the host rock; that
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is, Utah tar sands are bitumen-wet tar sands. This implies that Utah tar sands will 
require different processing strategies to recover the bitumen relative to the water-wet 
tar sands found in Canada.19
Nature of Sand Matrix
The majority of the Utah tar sands consist of one or more of the following 
minerals: quartz, feldspar, chert, mica, and plagioclase. The sands also contain less 
than one percent of one or more of the following sulfide minerals: pyrite, covellite, 
bornite, galena, and sphalerite.54 Raw tar sand samples were extracted with toluene 
prior to analysis. Techniques used to analyze bitumen-free sands included x-ray 
fluorescence followed by inductively coupled plasma spectroscopy. In some cases, 
wet chemical analysis and combustion assays were used. The majority of the minerals 
in Asphalt Ridge tar sand are quartz, feldspar, chert, and mica.54 The Sunnyside sand 
matrix contains mostly a-quartz with minor quantities of orthoclase, microline, and 
plagioclase.55 The PR Spring Rainbow I, Whiterocks, and Circle Cliffs host rock 
consist of a-quartz and orthoclase 56 Small amounts of calcite, dolomite, and clay 
were also detected in the Whiterocks and Sunnyside tar sands.36 Differential scanning 
calorimetry of PR Spring Rainbow I tar sand and coked sand (from fluidized-bed 
pyrolysis) shows a small but distinct endothermic peak at about 570°C. This peak 
indicates the transition of a-quartz to 0-quartz by thermal inversion. This thermal 
inversion is accompanied by discontinuities in physical properties such as density and 
the coefficients of thermal expansion 57 Partial elemental analyses of bitumen-free tar 
sands are listed in Table 2.1 54 For Canadian tar sands, more than 99 percent of the
21
Table 2.1
Partial Mineral Analysis of the Mineral Substrates 
from the Uinta Basin Tar Sand Deposit3 54




Asphalt R. 1.1 0.1 3.2 0.4 0.03 0.009 0.004 NDd 0.02 ND
0.4 0.004 1.6 0.04 0.002 0.003 0.003 0.007 0.007 0.02
Hill Creek 3.5 0.005 2.5 1.8 0.05 0.1 0.004 ND 0.001 ND
0.2 0.001 1.0 0.1 0.01 0.01 0.002 ND 0.001 ND
PR Spring 4.2 0.008 2.8 2.0 0.03 0.08 0.03 ND 0.06 0.02
0.01 0.001 0.001 0.04 0.002 0.01 0.001 0.007 0.001 0.002
Sunnyside 4.2 0.006 2.0 1.9 0.03 0.05 0.01 ND 0.011 0.02
1.7 0.005 1.1 0.2 0.01 0.02 0.002 0.007 0.009 0.01
Whiterocks 1.8 0.01 2.9 0.7 0.03 0.03 0.01 ND 0.03 0.12
0.07 0.006 0.7 0.03 0.006 0.003 0.002 0.007 0.002 0.002
aHigh and low weight percents are presented 
bHD: Not determined
Adapted from reference 54.
mineral substrate is usually composed of quartz grains and clays, in the remaining 1 
percent, more than 25 minerals have been identified, most of which are calciferous or 
iron-based.2*
Tar sand matrices exist in both consolidated and unconsolidated forms, 
depending on the degree of cementation between sand grains. Consolidation is 
caused by the cementing action of calcite, dolomite, and clays, when present in the 
sand grains.36 Bunger58 observed that the sand substrate is usually consolidated 
below a bitumen saturation of 10 percent, while the sand is unconsolidated above this 
saturation level. Most of the Utah tar sands, with the exception of PR Spring Rainbow 
I and the high bitumen content regions of the Asphalt Ridge deposit, contain less than 
10 percent bitumen and are consolidated, whereas the Canadian tar sands are high in 
bitumen saturation and are generally unconsolidated.
Scanning electron photomicrographs indicate that the higher bitumen saturation 
tar sand samples consist of sand particles coated with a continuous film of bitumen, 
while the leaner samples consist of sand particles bound to each other with a 
noncontinuous bitumen film in the interstices.59
A typical scanning electron photomicrograph of the Whiterocks tar sand mineral 
substrate after combustion of the bitumen in air at 773 K is presented in Figure 2.1. 
The pore spaces are generally larger than 30 microns and could be larger than 100 
microns. The grain size shown in Figure 2.1 is approximately 100 microns.
Sand Grain Size Distribution
The particle sizes of Canadian tar sands range from 1,000 microns down to 44 
microns (Tyler 325 mesh), which is the smallest size that can be determined by dry
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Figure 2.1
Scanning Electron Photomicrographs of Whiterocks Tar Sand 
After Combustion in Air at 773 K
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screening. The fraction between 44 and 2 microns is referred to as silt, and the 
fraction below two microns is referred to as clay. Both silt and clay are classified as 
fines.20,2*’60
The Canadian tar sands exhibit a wide variation in fines content, depending on 
the deposit location.2* Carrigy60 proposed three grain size classifications for the Fort 
McMurray tar sand formation. Group I contained tar sands from the lower region of 
the formation and had an average grain diameter of 150-600 microns and a fines 
content of less than 10 weight percent. Group II included tar sands from the middle 
region of the formation, with an average grain diameter of 85-180 microns and a fines 
content of 2-10 weight percent. Group III included tar sands from the upper region of 
the formation, with an average grain diameter of 44-110 microns and a fines content 
of 10-60 weight percent. Size analysis of four Utah tar sands shows that they range 
in size from 590 microns to less than 1 micron in diameter.36 Compared to Athabasca 
sands, most Utah tar sands contain less fines and, in particular, much less clay.2*
Carrigy60 found that the amount of fines was inversely correlated with the 
bitumen content of the Athabasca tar sand. Sepulveda,59 however, indicated no 
relationship between the quantity of fines and the bitumen content for four Utah tar 
sand deposits.
Water Content
Utah and Canadian tar sands differ significantly in several aspects. The 
connate water saturation is only 0.5 weight percent for PR Spring,6* and 0.3 weight 
percent for Circle Cliffs deposits 62 while 3 to 6 weight percent connate water was 
reported for the Athabasca tar sand 62 Although Circle Cliffs tar sand contains only
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0.3 weight percent connate water, a significant amount of water was produced during 
the pyrolysis in a fluidized-bed reactor.64 The additional water produced was thought 
to be the result of kaolinite (AI20 32Si02• 2H20) decomposition, since the Circle Cliffs 
mineral substrate contains a considerable amount of kaolinite.56,64
Utah tar sands are considered to be dry, and the bitumen is believed to be in 
direct contact with the sand grains. The Canadian tar sand bitumen is presumed to be 
separated from the sand grains by a thin film of water. This contention, proposed by 
Clark34 in 1944, has been widely accepted by many researchers as a model of the 
Canadian tar sands. The presumed physical arrangements of the two types of tar 
sands are shown in Figure 2.2. The concept of a water film separating the bitumen 
from the sand grains gained acceptance because of the success of the hot-water 
separation of the bitumen from the sand grains 63 The presence of this water film is 
believed to facilitate the aqueous separation of the bitumen from the sand grains. The 
hot water added in the digestion step causes the swelling of the connate water film, 
resulting in the liberation of the bitumen from the sand grains.27,34 The presence of 
this water film between the bitumen and the sand grains has not yet been directly 
confirmed 65
Cortes et a l66 have questioned the existence of a water film. They proposed 
that all tar sands are bitumen-wetted, and that the difference in the separation 
efficiencies for the hot-water process between the Canadian and Utah tar sands are 




Physical Arrangement of the Utah and Canadian Tar Sands





Bulk properties of tar sand samples can differ significantly, depending upon the 
source and origin of the tar sand samples. This is true even for samples from the 
same deposit. The bitumen saturation, porosity, and air permeability of Utah and 
Canadian tar sands are listed in Table 2.221,25,26’39'42’58’64’67’68 The Athabasca tar 
sand has an average bulk density of 1.90 g/cm.3,21 A bulk density of 1.90-2.03 was 
reported for the Asphalt Ridge tar sand,67 whereas the Whiterocks tar sand had a 
density of about 2.3 g/cm3. The specific heat of Athabasca tar sand with 17.1 weight 
percent bitumen saturation was 0.218 cal/g/°C, and the thermal conductivity was 0.0035 
cal/(sec)(cm)(°C).2*'68 The specific heat and thermal conductivity of Utah tar sands 
have not been reported in the literature.
Properties of Tar Sand Bitumens
Unlike the kerogen associated with oil shale, the bitumen associated with tar 
sand is totally soluble in a variety of organic solvents, including benzene, toluene, 
carbon disulfide, dichloromethene, and carbon tetrachloride.68 For a variety of 
reasons, the components of bitumen are often classified into three hydrocarbon 
classes: asphaltenes, resins, and oils. The fractions are quantified by a separation 
scheme based on solubility characteristics. The separations are accomplished either 
by solvent fractionation or gradient elution chromatography. In the solvent fractionation 
scheme, bitumen is separated into a normal pentane-soluble fraction (deasphalted oil 
or maltene) and a normal pentane-insoluble fraction (asphaltene). The maltene fraction 
can be further separated into propane-soluble oil and propane-insoluble resin fractions. 




Bitumen Saturation, Porosity, and Air Permeability 
of Canadian and Utah Tar Sands




Air Permeability  ^
Millidarcie
Athabasca 13 34 - 46 0 - 215
Asphalt Ridge 5 - 17 22 - 31 5 - 745
Circle Cliffs 4 - 7 12 - 17 1 - 3
Hill Creek 8 - 11 11-31 2 - 1,355
P.R. Spring 5 - 15 7 - 37 0 - 6,954
Sunnyside 8 - 10 25 - 30 154 - 677
Tar Sand Triangle 3 - 10 20 - 35 2 - 3,200
Whiterocks 7 - 10 14 - 31 10 - 127
aAdapted from references 25,26,39,58,64,67. 
^Adapted from references 21,40,41,42,68.
and benzene-insoluble preasphaltenes. The amounts and properties of the isolated 
fractions obtained from different techniques may vary somewhat. The bitumen is 
comparable to petroleum residua, rather than to conventional crude oil, in terms of 
hydrocarbon type composition.68 The bitumen, with an atomic hydrogen-to-carbon 
ratio of 1 to 5, is considered to be a hydrogen-deficient feedstock when compared to 
conventional crude oil, which typically has an atomic hydrogen-to-carbon ratio of 1 
to 8.
The physical and chemical properties of an Athabasca bitumen and several 
Utah bitumens are listed in Table 2.3.40,58,66,69 Camp27 reported that the specific 
gravity of the Canadian bitumen exhibited an inverse relationship with increasing 
temperature in the temperature range 288-423 K. A similar conclusion was reported by 
Wood and Ritzma for Utah bitumens26 The specific gravity (60°F) of the Canadian 
bitumens range from 0.956 to 1.03, whereas the specific gravity (60 °F) of the United 
States bitumens ranges from 0.96 to 1.2 20
Elemental analysis has indicated that bitumens of marine origin, such as those 
from the Athabasca and Tar Sand Triangle tar sand deposits, contains about 10 times 
the amount of organic sulfur as bitumens of fresh-water origin (Asphalt Ridge, Hill 
Creek, PR Spring, Sunnyside, and Whiterocks). The organic nitrogen content of 
marine-origin bitumens is only about one-third to one-half that of bitumens of fresh­
water origin. The high sulfur-content bitumens also contain high concentrations of 
metals such as vanadium and nickel. Despite the variations in both the bitumen 
saturation and the particle size distribution of the tar sand matrix, the chemical 
composition is relatively constant for the individual marine-origin and fresh-water origin
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Table 2.3
Physical and Chemical Properties of Extracted Bitumens40,58,66,69
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Property PR Spring 
Rainbow I
Sunnyside Whiterocks Tar Sand 
Triangle
Athabasca
Bitumen Content, wt% 14.1 8.5 8.0 4.5 13.0
Specific Gravity (60/60 °F) 1.016 1.033 0.998 1.010 1.00-1.014
API Gravity, °API 7.8 5.5 10.3 8.6 8-10
Pour Point, °F 210 NA NA 91 50
Viscosity, poise 122°F 2,500 15,000 1,000 UM 44a
194°F 40 180 25 UM 17a
Simulated Distillation
IBP, °F 279 NA 307 316 NA
Volatility, wt% 31.9 32.4 22.1 34.4 44.6
1,000°F+ Residue, wt% 68.1 67.6 77.9 65.6 55.4
IBP-400°F, wt% 1.3 0.9 0.9 0.7 3.3®
400-650°F, wt% 5.1 7.3 3.3 7.6 14.33
650-1,000°F, wt% 25.6 24.0 18.8 26.2 27.03
Molecular Weight, g/mol 702 1042 NAb 571 570-620
Elemental Analysis, wt%
C 84.7 83.3 85.0 84.3 83.1
H 11.2 10.8 11.4 10.3 10.6
N 1.3 0.7 1.3 0.4 0.4
S 0.5 0.6 0.4 4.0 4.8
O 1.8 4.4 1.6 1.0 1.1
Atomic H/C Ratio 1.60 1.56 1.61 1.47 154
Conradson Carbon, wt% 14.0 14.8 13.0 16.7 13.5
Heating Value, Btu/lb 18,000 18,300 NA 17,900 17,800
Hydrocarbon Type, wt%
Saturated 9.5 13.2 15.3 13.3 22
Aromatics 21.6 26.9 20.4 21.4 21
Resins 17.0 21.2 22.0 31.3 39
Asphaltenes 51.9 38.7 42.3 34.0 18
NA: Data not available
UM: Unmeasurable in Wells-Brookfield microviscometer at specified temperature (> >104 
poise)
a: Data from interpolation
b: Estimated to be about 1,300 g/mol from the comparison of the simulated distillation 
data to samples from PR Spring Rainbow II.54
Adapted from references 40, 58, 66, and 69.
bitumen groups. Speight68 has indicated that most of the Athabasca bitumens have 
elemental compositions falling in a narrow range; carbon, 83.4 ± 0.5 percent; 
hydrogen, 10.4 ± 0.2 percent; nitrogen, 0.4 ±  0.2 percent; sulfur: 5.0 ± 0.5 percent; 
and oxygen, 1.0 ±  0.2 percent by weight. There are occasional exceptions in the 
oxygen content, which can vary up to as much as 4.5 percent. The bitumen is 
susceptible to aerial oxidation over geologic time; therefore, the oxygen content is 
dependent upon sample history. The differences in oxygen content are particularly 
significant when comparing outcrop and core samples. Similar results are also 
observed for Utah tar sands.39,40
Although the elemental compositions of the bitumens are relatively constant, the 
hydrocarbon compound types vary significantly, especially for some of the Utah 
bitumens. The hydrocarbon-type composition of Canadian bitumens was reported to 
be in the following ranges: asphaltenes, 16.7-22.5 percent; resins, 24.8-37.1 percent; 
oils, 44.0-55.1 percent by weight68 The Utah bitumens exhibited a wide range of 
hydrocarbon-type composition: asphaltenes, 34-60 percent; resins, 7-31 percent; and 
oil, 10-40 percent by weight40 Significant differences in asphaltene contents have 
been reported for the Asphalt Ridge and PR Spring bitumens.40,68
Examination of the asphaltene content and volatility of the Utah bitumens, as 
reported in Table 2.440,64 has indicated that , with the exception of the Whiterocks 
and Circle Cliffs bitumens, the volatility decreases with an increase in asphaltene 
content. The percentage of the nondistillable 1,000°F+ residue is close to the total 
asphaltics content (asphaltenes plus resins), with the exception of the Whiterocks 




Correlation of Asphaltenes and Volatility, 
Asphaltics (Asphaltenes plus Resins) and 1,000°F+ Residue 
of Utah Tar Sand Bitumens40,64
Property, wt% Asphaltenes Volatility Asphaltics 1,000°F+ Residue
PR Spring South 82.8 14.3 89.7 85.1
PR Spring Rainbow II 60.0 22.8 71.7 77.2
PR Spring Rainbow I 51.9 31.9 68.9 68.1
Whiterocks 42.3 22.1 64.3 77.9
Sunnyside 38.7 32.4 59.9 67.6
Tar Sand Triangle 34.0 34.4 65.3 65.6
Circle Cliffs 46.1 40.5 56.4 59.5
Adapted from references 40 and 64.
of the Canadian bitumens, as compared to those of the Utah bitumens, were related 
to the lower molecular weights and lower viscosities of Canadian bitumens. In 
addition, Speight68 has indicated that the Canadian bitumens, as well as the PR 
Spring, Asphalt Ridge, and Tar Sand Triangle Utah bitumens, exhibit an increase in 
carbon residue with an increase in asphaltene content. This trend, with some 
fluctuation, was also observed by Dorius40
Bunger58 has reported the composition of Canadian and Utah bitumens abased 
on functional groups. The bitumens from Tar Sand Triangle, Asphalt Ridge, PR Spring, 
and Athabasca tar sand deposits were separated into five fractions: acids, bases, 
neutral Lewis bases, saturated hydrocarbons, and aromatic hydrocarbons. The 
analyses indicated that the total hydrocarbon content (saturated plus aromatic 
hydrocarbon) was about 50-60 percent of the bitumen. The remaining species were 
heteroatom-containing molecules (acids, bases, and neutral Lewis bases). These 
heteroatom-containing fractions were quantitatively analyzed. The results indicated that 
the high sulfur bitumens (Athabasca and Tar Sand Triangle) contained a higher 
concentration of sulfoxide, while the high nitrogen bitumens (PR Spring and Asphalt 
Ridge) exhibited a higher concentration of carbazoles and pyridines. All samples 
contained appreciable quantities of ketones.
The average molecular weights of tar sand bitumens have been the subject of 
some controversy. The compounds present in the Canadian bitumen exhibit a relatively 
narrow range of molecular weights (490 to 800 g/mol);39,69 while the Utah bitumens 
vary from 540 g/mol for Tar Sand Triangle to 1,561 g/mol for PR Spring South.39*40 
Some of the Utah bitumens exhibit a wide distribution of molecular weight within the
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same deposit. Reported molecular weights for samples of Tar Sand Triangle bitumen 
have ranged from 540 to 1,222 g/mol. Reported molecular weights for samples of 
Sunnyside bitumen have ranged from 887 to 1,042 g/mol.24,39,40 These broad 
molecular weight ranges may be related to the formation of oxygen linkages for the 
higher oxygen content bitumens.
Reported bitumen viscosities have also varied widely. Arrhenius plots for the 
temperature dependence of viscosities for the Utah and Athabasca bitumens as 
reported by several researchers are presented in Figure 2.3.24,40,59’66’69' 71 
Differences in the bitumen viscosities are observed even for the same deposit. There 
are two reasons for these differences: (1) the method of preparation of the bitumen 
sample has a significant influence on the physical properties determined; and (2) the 
samples from various locations of the same deposit may possess totally different 
characteristics, as has been reported for the PR Spring deposit by Dorius40 The 
viscosity of Asphalt Ridge bitumen reported by Sepulveda59 is one order of magnitude 
higher than that reported by Misra,24 as indicated in Figure 2.3. This may have been 
caused by conditions and atmospheric exposure experienced during bitumen 
preparation24 The viscosities of Athabasca bitumen samples taken from various 
locations have been correlated with respect to the specific gravities.72 The bitumen 
viscosity decreases dramatically with decrease in the specific gravity: a bitumen with a 
specific gravity of 1.03 had a viscosity of 30,000 poise, while a bitumen with a specific 
gravity of 1.00 had a viscosity of 200 poise.72 No correlation was observed between 
the viscosities and the gravities for the Canadian bitumens from different tar sand 
deposits. However, the Venezuelan bitumens exhibited a good correlation between 
viscosities and gravities for various deposits.69 Although there is a large difference in
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Figure 2.3
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bitumen viscosity, the Canadian (Athabasca) and Utah (Asphalt Ridge and Sunnyside) 
bitumens exhibited Newtonian behavior.24'59
In addition to the gravity, the bitumen viscosity may also be related to the 
molecular weight. The bitumen viscosity has been observed to increase with an 
increase in molecular weight for PR Spring Rainbow I, PR Spring Rainbow II, and PR 
Spring South bitumens.40 This correlation is also observed for Sunnyside, PR Spring, 
and Asphalt Ridge deposits.39 Misra24 reported that the Tar Sand Triangle bitumen 
with a molecular weight of 1,222 g/mol possessed an extremely high viscosity, which 
could not be measured by using the Rotovisco apparatus at the temperatures studied. 
Burkett70 showed that bitumen from the same deposit (the location of the sample 
taken and the method of bitumen preparation may be different) with a molecular weight 
of 571 g/mol exhibited a lower viscosity than the other Utah bitumens. A low viscosity 
for a Tar Sand Triangle bitumen was also reported by Wang.7* Generally, Canadian 
bitumens have lower viscosities when compared to the Utah bitumens. The viscosity 
of the bitumen may be a factor in determination of the optimum temperature during the 
pyrolysis of tar sand bitumen.
The chemical nature of bitumens has been studied by researchers using 
sophisticated analytical tools.73'74 Many individual organic molecules have been 
identified in Canadian bitumen, but their total number is only a small fraction of the 
total molecular content of the bitumen. Among the constituent molecules, which range 
from methane to large polymeric molecules with molecular weights in excess of 15,000, 
are acyclic and cycloparaffins, olefins, aromatics, heterocycles (many containing various 
heteroatom functional groups), and organometallics. Most of these molecules are
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neutral, but the concentration of acids, bases, and amphoteric molecules is significant. 
Most of the constituent molecules are stable. Some exhibit high reactivity and may 
exert a catalytic effect when in contact with the sand. These molecules can undergo 
slow thermal decomposition even at a reservoir temperature of 278-279 K.73
The chemical compositions of the saturate and aromatic fractions of some 
Canadian bitumens were determined and tabulated by Strausz.73 The asphaltene 
composition is postulated as a sulfur polymer in which the average carbon moieties, 
each consisting of an alicyclic diaromatic structure with alkyl substituents, are held 
together by sulfide linkages [(C25H30XS)]8 - (X = O or N). These octamers are further 
linked by weak hydrogen bonding. In reality, the asphaltene fraction of a bitumen or 
heavy oil is a complex mixture of molecules having a broad distribution of average 
molecular weights. The structures of the monomeric units comprising the asphaltenes 
may deviate significantly from the structure postulated by Strausz.73
Yen74 calculated structural parameters for typical asphaltenes from chemical 
and physical data such as elemental analysis, VPO molecular weight, H-NMR, IR, and 
other instrumental methods. The derived structural parameters were used to postulate 
an average, hypothetical molecular structure for any given fraction of a heavy oil or 
bitumen. This multivariant matrix of structural parameters for a given fraction, plus the 
relative amount of each fraction in a particular sample, can be used to predict the 
geochemical genesis of the oil. This includes the depositational history, paleo 
environment, precursor sources, maturation, geochemical transformations, etc. Such 
a characterization of the bitumen/heavy oil component properties can also be used to 
determine process variables such as HDS catalyst types, operating temperatures, 
pressures, and space velocities necessary to effect a required transformation.
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Pvrolvsis of Oil Shale and Tar Sand
Pyrolysis of Oil Shale
There are two principal oil shale types in the United States: the Green River 
Formation in Colorado, Utah, and Wyoming, and the Devonian-Mississippian black 
shale of the East and Midwest. The Green River shales are richer in organic content 
and occur in thicker seams.12
About 90 percent of the organic content of Green River oil shale is kerogen, 
which is a high-molecular weight organic material insoluble in all common organic 
solvents and is not a member of the petroleum family of compounds. The remainder 
of the organic material is a bitumen, which is a highly viscous hydrocarbon and may 
be related to the principal organic component of tar sand. The kerogen of the Green 
River oil shale is found mostly in sedimentary nonsandstone reservoir rock such as 
marlstone, which is a mix of carbonates, silicates, and clays.74 The typical 
composition of Green River oil shale is presented in Table 2.5.74,75
The mechanism of the thermal pyrolysis of oil shale was investigated as early 
as 1913.76 Early studies indicated that a benzene-soluble intermediate, referred to as 
"bitumen," was formed during the thermal decomposition of kerogen.77,78 Kerogen 
decomposes throughout a wide temperature range, and measurable kerogen 
decomposition at temperatures as low as 473 K has been reported.79
Hubbard and Robinson76 investigated the kinetics of kerogen decomposition. 
They proposed that the kerogen decomposition occurred in two first-order steps. 
During the initial heating period, a large portion of the kerogen was presumed to be 
converted to bitumen, which was cracked to gas, oil, and a carbonaceous residue 




Typical Composition of Green River Oil Shale14,72
Organic wt% Inorganic wt%
Carbon 80.5 Dolomite 32-35
Hydrogen 10.3 Calcite 15-19
Nitrogen 2.4 Quartz 15
Sulfur 1.0 Others3 46-53
Oxygen 5.8
H/C Atomic Ratio = 1.49
aClay, feldspars, analcite, pyrite, etc.
Adapted from references 14 and 72.
time for various retorting temperatures. The activation energy and frequency factor for 
kerogen decomposition were reported for two temperature regions. The activation 
energy was 62.1 Keal/moi, and the frequency factor was 2.84 x 1020 s '1 for the 
temperature range 623-710 K. The activation energy was 25.4 Kcal/mol, and the 
frequency factor was 1.39 x 109 s'1 for the temperature range 710-798 K. The break 
in the line that occurred at 710 K was attributed to the following: (1) the difficulty of 
measuring the rapid decomposition rate of kerogen above 710 K; (2) the time required 
to bring the temperature of the sample from its initial temperature to the isothermal 
retorting temperature; and (3) the possible change in the type of reaction as the 
system passed from the lower to the higher temperature range. The heating lag is 
relatively insignificant at low temperatures where the heating periods are long, but it 
becomes increasingly significant at high temperatures where the heating periods are 
short. Different relative decomposition rates of kerogen and bitumen over various 
temperature ranges have been reported.76'80"82 In addition to the heat transfer effect, 
mass transfer resistance may be involved since the samples used were powder 
samples that had been compressed into cylinders one centimeter in diameter and six 
centimeters in length. Hubbard and Robinson76 interpreted their data by assuming 
that the total amount of kerogen decomposed was equal to the total amount of 
bitumen, oil, and gas formed. Allred80 reinterpreted Hubbard and Robinson’s data76 
and calculated the formation of carbon residue by an overall material balance. Allred 
postulated a three-step mechanism involving an auto catalytic effect of the intermediate 
bitumen on the decomposition of kerogen. The reaction mechanism proposed by 
Allred was:
Kerogen—♦(Gas + Bitumen + Coke)—♦Liquid (Oil & Gas)—♦Vapor (Oil & Gas).
The second-order auto catalytic effect was also reported by Fausett et a!.83 
Based on Hubbard and Robinson’s data,76 a system of two first-order reactions and 
three second-order reactions was proposed and the rate constant of each step was 
reported. In effect, the bitumen formed in the decomposition of the kerogen was 
presumed to promote the rates of formation of bitumen, volatiles, and carbonaceous 
residue from kerogen. The volatiles consisted of the produced gas and oil. This 
reaction scheme provides a good match to the experimental data at temperatures 
around 698 K. A rate constant for each step was reported. The initial heat-up period 
was ignored by Hubbard and Robinson,76 Allred,80 and Fausett et al.;83 however, 
Braun and Rothman8* reanalyzed Hubbard and Robinson's data76 by taking the 
induction period into account. They proposed a modified two-step first-order reaction 
scheme as follows:
kT
Kerogen —♦ Bitumen + Gas + Coke 
k2
Bitumen —♦ Oil + Gas + Coke 
where the rate constants are given by
kf = 14.4 x 10t0(1 /s)exp[-10.65(Kcal/mol)/RT]; and 
k2 = 2.025 x 10*°(1 /s)exp[-42.45(Kcal/mol)/RT].
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Allred80 and Braun and Rothman87 showed that, at temperatures below 755 K, the 
decomposition of kerogen into bitumen is a fairly rapid step compared with the 
decomposition of bitumen; however, at temperatures above 755 K, the decomposition 
of bitumen appears to be more rapid compared to that of the kerogen.
Wallman et al.84 investigated oil shale retorting kinetics by using a bench-scale 
fluidized bed operated in the batch mode. Isothermal pyrolysis experiments were 
conducted at various temperatures between 700-810 K using 0.1-3 millimeter oil shale 
particles. A reaction scheme was proposed to describe the oil shale pyrolysis process, 
and the rate constants were determined from the experimental results.
k7
Kerogen —*■ Light Hydrocarbons + Bitumen + (Ho0,C0,C09)
VHeavy Oil Coke + Gas
where
k7 = 9.63 x 1070(1/s)exp[-43.6(Kcal/mol)/RT] 
k2 = 3.00 x 103(1/s)exp[-22.6(Kcal/mol)/RT].
The rate constant, kc, was found to be proportional to particle size:
kc = 5.00 x 103(1/s)exp[-22.6(Kcal/mol)/RT] (for particle size of 0.4 mm); and 
kc = 3.00 x 104(1/s)exp[-22.6(Kcal/mol)/RT] (for particle size of 3 mm).
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Heat and mass transfer resistances were not considered in the analysis. The kerogen 
and bitumen decomposition reactions were assumed to be first-order, with calculated 
activation energies of 43.6 Kcal/mol and 22.6 Kcal/mol, respectively. The rate of 
kerogen decomposition was one order of magnitude higher than the rate of bitumen 
disappearance in the temperature range studied (700-811 K). The rate of kerogen 
decomposition was found to be particle size-independent in the particle size range 
from 0.1 to three millimeters, while the rate of bitumen disappearance depended on the 
particle size. This result suggests that transport resistance may play a role in the 
heavy oil production step. At the same retorting temperature, higher oil yields and 
lower coke yields were obtained for smaller particles. For a particle size of 0.4 mm 
and a retorting temperature in the range 698-823 K, a lower retorting temperature gave 
a higher oil yield, a lower gas yield, and about the same amount of coke. The lower 
retorting temperature required longer reaction or retention times in a continuous flow 
reactor. The initial heat-up period was eliminated by introducing a small amount (less 
than 2 percent of the bed) of the sample into the preheated reactor packed with inert 
solids. Wallman et a l84 did not consider the extraparticle secondary pyrolysis effect 
in the kinetic analysis, although it was observed. The vapor residence time in the 
reactor was typically 3 seconds, which may cause significant extraparticle vapor phase 
pyrolysis.
Haddadin and Tawarah85 reported the existence of two distinct endothermic 
peaks in a study of the pyrolysis of Jordan oil shale using differential thermal analysis 
in a helium atmosphere at a heating rate of 100°C/min. The first peak appeared 
between 313-573 K, which corresponded to the formation of bitumen from kerogen
47
decomposition. A reaction order of 0.5 with an apparent activation energy of 13 
Kcal/mol was reported. The second peak appeared between 573-813 K, which 
corresponded to bitumen pyrolysis as well as devolatilization. A reaction order of 1.1 
with an activation energy of 19 Kcal/mol was reported. The reported results 
represented experimental kinetic parameters that incorporated the overall sequence of 
cracking/distillation, vaporization, and transport effects.
The one-step model was considered adequate by many researchers for 
describing oil generation or weight loss of kerogen.86'97 In these cases, kerogen 
decomposition to oil, gas, and carbonaceous residue was considered. Campbell et 
a l86 reported the global kinetics of oil generation. Both powdered and one-inch core 
samples of 22 gal/ton Colorado oil shale were pyrolyzed in isothermal and 
nonisothermal experiments. A fixed heating rate was used in the nonisothermal 
experiments. The similarity between the experimental data and the derived oil yield 
rate equation indicated that the oil yield can be represented by a first-order reaction 
with an apparent activation energy of about 52 Kcal/mol and a preexponential factor of 
2.81 x 1073 s '7. The 1-inch core sample exhibited a lower oil-yield rate compared to 
that of the powdered sample, but had about the same activation energy. Thermo- 
gravimetric analysis (TGA) monitored the mass loss from the evolution of oil, water, and 
gas. Since the TGA data reflect several processes, the activation energy derived from 
the data is somewhat lower than that for the oil production process. The 
nonisothermal TGA data indicated a small temperature dependence of the rate process 
and therefore gave a lower apparent activation energy of 36 Kcal/mol. Furthermore, 
the TGA weight loss data do not fit first-order kinetics as well as the oil production
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data did. The determination of the intrinsic kinetics of oil generation from oil shale 
using a nonisothermal procedure with different heating rates has been carried out by 
Shih and Sohn 87 A number of different methods has been used in the analysis of the 
oil generation data. The results obtained with Friedman’s procedure92 indicated a 
reaction order of 1.1 with an average activation energy of 52 Kcai/mol for most of the 
oil generation temperature range 87 The advantages of Friedman’s procedure is that 
the reaction order, activation energy, and frequency factor can be derived directly as 
a function of conversion by using a number of different heating rates. The Arrhenius 
plot, integral and differential methods of analysis were also used to analyze the data. 
The use of first-order kinetics gave lower activation energies (43-48 Kcai/mol).87
The thermal effects and mass transport limitations must be considered in the 
treatment of the pyrolysis data obtained for large block samples. These considerations 
lead to the postulation of the reaction models. Johnson et al.82 developed a complex 
pyrolysis scheme that involved 10 irreversible first-order reactions. Heat transfer effects 
were included to treat the large particles (up to 4 inches); however, mass transfer 
resistances were neglected. The results were compared to the laboratory data 
available over the temperature range of 423 to 798 K. The laboratory weight loss 
measurements, as well as centerline temperature histories, agreed with the calculated 
results for 0.5, 0.75, and 4-inch particles. The product yields determined by Hubbard 
and Robinson at 673 K76 also fit the model well. Low-temperature pyrolysis data, 
however, do not match the calculated yield. The model predicts that for a given 
surface temperature the shale oil yield should decrease as the particle size increases. 
A decrease in the surface temperature also results in a decreased oil yield in the
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relatively lower temperature range (573-698 K) studied. Although this model described 
the experimental data adequately, it was considered to be too complicated to apply, 
since it required the solution of over 10 simultaneous partial differential equations.
Granoff and Nuttall88 investigated oil shale pyrolysis kinetics for single particles 
(1.27 cm diameter cylinders and spheres) of 22 gal/ton oil shale. The pyrolysis was 
carried out in a nitrogen stream at fixed furnace temperatures in the range of 657-793 
K. In addition to TGA weight loss measurements, centerline temperature histories were 
recorded for several samples that were instrumented with microthermocouples. A non­
isothermal shrinking-core model and a nonisothermal homogeneous model were 
developed to describe the system. The mass transfer resistance was neglected in the 
material balance equations. This assumption was presumed to be adequate for 
relatively small particles where mass transfer is rapid. The homogeneous model 
assumed that there was no temperature gradient inside the particle and that the 
enthalpy change associated with the pyrolysis reaction was zero. The calculated 
particle temperatures matched the measured centerline temperature histories well for 
low retorting temperatures; however, the calculated temperatures did not correlate well 
for the particle size studied (1.27 cm) at temperatures as high as 798 K. An apparent 
activation energy of 35.4 Kcal/mol was obtained, and the model fit the pyrolysis 
process quite well. The shrinking-core model resulted in a smaller apparent activation 
energy, which fit the experimental data well at high temperatures but relatively poorly 
at low temperatures. Shih and Sohn89 did point out, however, that the shrinking-core 
model is not appropriate for endothermic reactions such as oil shale pyrolysis. In such 
systems the energy associated with increasing the sensible heat of the system is more
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important than the heat of the reaction; thus, the unsteady conduction of heat into the 
partially reacted zone becomes important. The reaction will then occur over a zone at 
varying rates rather than at a sharp boundary. For highly endothermic reactions, the 
conduction of heat through the ash layer might control the overall rate, and the 
chemical reaction would take place at a sharp interface. In such a case, however, the 
measured rate would represent the rate of heat conduction, and the kinetic parameters 
of the chemical reaction would not be determined.89 The inadequacy of the shrinking- 
core model for the oil shale pyrolysis has also been discussed by other
. Qflinvestigators.
Shih and Sohn89 developed a model for the nonisothermal retorting of a large 
block of oil shale. The intrinsic kinetics of the decomposition of kerogen and 
carbonate minerals, as well as the internal and external heat transfer effects, were 
considered. A global single-step first-order reaction was used to describe the extent 
of kerogen decomposition; that is, the kerogen was assumed to decompose to oil, 
gas, and a carbonaceous residue. The dolomite and calcite mineral decomposition 
reactions were also involved. The rigorous temperature-distributed model was 
compared to the simplified uniform-temperature model. The results indicated that, at 
a heating rate of one K/min and a gas mass velocity of 0.0179 kg/m2s, the uniform- 
temperature model gives about 10 percent error in the extent of kerogen conversion for 
particles of 12 cm in diameter. As the particle size increased, the error became 
greater. Higher heating rates and mass velocities also increased the error for the same 
particle size. The model was shown to agree well with the extent of kerogen 
conversion measured by Granoff and Nuttall.88 The rigorous model gave a better
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overall fit of the data than the uniform-temperature model for 1.27 cm diameter particles 
at a retorting temperature of 793 K.
Campbell et al.93 studied the effects of particle size and heating rate on oil 
evolution and intraparticle oil degradation. The experimental results from 17.2 cm 
diameter blocks were analyzed using a mathematical model based on kinetic results 
from powder retorting experiments and thermal data reported in the literature. The 
experimental results indicated that the coking reactions were the major source of 
intraparticle oil degradation, and higher heating rates resulted in higher oil yields. 
Furthermore, the degree of coking depended strongly upon the heating rate but was 
nearly independent of particle size. These results were about the same for both 





(Coke + Gas) Oil Produced
In this scheme, the oil precursors (kerogen-bitumen) decompose to produce oil in the 
vapor and liquid phases. The distribution of products is a function of temperature and 
the total oil present within the sample. Since the void spaces in the sample were 
small, the vapor products were assumed to exit the matrix at a rapid rate giving 
"produced oil." Inside the shale particle, the liquid phase oil is subject to two 
competing reactions: coke formation and oil production. Heat transfer modes
including sensible heat conduction, intraparticle gas convection, and heats of reaction 
were considered. Mineral decomposition was not included. The calculated evolution 
of oil versus block (17.2 cm diameter) surface temperature agreed well with the 
experimental results for heating rates of 2, 6, and 18 K/hr. The model predicted oil 
release at higher temperatures (20 K higher) for a high heating rate 60 K/hr than was 
actually observed. The model predicted that higher heating rates would give higher oil 
yields. This prediction agreed with the experimental data, and the agreement between 
the calculated and observed temperature values was good. The largest discrepancies 
appeared near the end of oil evolution. This may be related to the onset of mineral 
matter decomposition or an incorrect value for the thermal conductivity of the spent 
shale. The carbonaceous residue was distributed at random within a relatively narrow 
range of values throughout the interior of the block. A 17.2 cm diameter cylinder block 
heated at a rate of 2°C/hr resulted in the carbonaceous residue range of 4.3 to 4.8 
weight percent. The spatial independence of coke deposition indicated that the oil 
degradation due to coking occurred in the relatively immobile condensed or liquid 
phase, and not in the mobile gas phase at the experimental conditions. This result 
agrees with the proposed mechanism.
Some complicated oil shale pyrolysis models have been proposed; however, 
they have not been confirmed by experiment. Fan et a l94 proposed a volume reaction 
model for the pyrolysis of a single solid particle accompanied by two consecutive 
reactions. The model assumed that the solid reactant, kerogen, decomposed to liquid 
and solid intermediates. These species were further reacted to produce fluid and solid 
products. Nth order reactions were treated in the model. In addition to internal and
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external heat transfer effects, mass transfer effects were included. In the model, the 
phenomenological expression for the fluid intermediate and the product molar fluxes 
took the form of concentration gradients. The conductance of this driving force, or, 
more specifically, the effective diffusivity, was defined to encompass the overall effects 
due to molar diffusion, eddy diffusion, and convective flow. Only when the convective 
flow becomes predominant does the consideration of the pressure gradient in the 
particle become essential. The effects of the heat of reaction, the Thiele modulus, and 
the rate of reaction on solid reactant conversion, concentration profiles, and 
temperature profiles were reported.
An isothermal uniform-temperature pyrolysis model for a single particle coupled 
with a complicated reaction scheme was presented by Do.95 The reaction network 
proposed by Wallman84 was adopted by Do with some modification, in that the thermal 
cracking of heavy oil and light oil was also included. The heat transfer resistance was 
neglected and an effective diffusivity term was applied to describe the oil and gas 
transport within the particles. The analysis gave not only the final distribution of 
products but also the dynamic response of these species from the onset of operation. 
The analytical solution of the model was compared to Wallman’s experimental data.84 
The theoretical model predicted the final product distribution reasonably well.
A model that emphasizes the heat and mass transport processes during the 
pyrolysis of a large block of oil shale was developed by Crowl and Piccirelli.90 The 
pyrolysis products (gas and liquid) are assumed to stream out of the shale through the 
porous structure. Phenomena of this type, in which mass transport is induced by a 
large volume change between reactant and product, were described by a pressure
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difference term resulting in the convective mass transport described by Darcy’s law. 
There is a direct similarity between Darcy’s law and Pick’s law of diffusion. Pick’s law 
describes species transport due to gradients in the partial pressure of a component, 
while Darcy’s law deals with bulk species transport due to gradients in the total 
pressure. The model predicts that the unreacted, shrinking core model is inadequate 
for describing shale pyrolysis. However, a distributed temperature model, coupled with 
the shrinking core equations for the chemical reaction and the bulk transport of the 
gaseous products, did produce results that agreed quite closely with the results from 
a complete distributed-temperature model.
The previous pyrolysis models deal with constant particle size. Recently, 
however, Wang and Lee9* studied a volume expansion model for single particle 
pyrolysis in which nonisothermal ambient gas and particle temperature were 
considered. Like the work by Crowl and Piccirelli90 a simplified first-order one-step 
kerogen decomposition was assumed, and the convective mass transfer was described 
by Darcy’s law. The results indicate that intraparticle heat transfer was a dominant 
factor in the pyrolysis of oil shale and that volume expansion of the particle favors the 
decomposition rate.
Pyrolysis of Tar Sand Bitumen
Although rather extensive studies have been made on the thermal cracking 
reactions of tar sand bitumen, most reported studies deal with bitumen that is 
separated from the sand matrix and emphasize chemical analyses of the cracked 
products. Relatively little information is available on kinetic studies.
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Thermal cracking of bitumen includes a wide range of reactions such as 
breaking of the C-C bond and the C-H bond, aromatization, polymerization, 
condensation, and alkylation. Complex radical and chain reactions are considered to 
be involved in the mechanisms of bitumen pyrolysis.96
An investigation of the thermal cracking of Athabasca bitumen was included in 
studies by McNab.97 Isothermal cracking experiments were conducted in the 
temperature range 519-580 K, and the activation energy of the bitumen cracking was 
reported to be 49 Kcal/mol. The activation energy was determined from rate constants 
estimated from the stabilized dry gas yields. This result indicated that the Athabasca 
bitumen was more sensitive to thermal cracking than the average gas oil, which has an 
activation energy of 58 Kcal/mol.97 It also indicated that the data obtained in the low 
pressure rocking bomb at temperatures from 627 to 645 K were in good agreement 
with those obtained in the high pressure equipment at lower temperatures.
The thermal cracking of Athabasca bitumen, Athabasca asphaltenes, and 
Athabasca deasphalted heavy oil have been investigated by Speight. 98 The 
asphaltene and deasphalted heavy oil fractions of bitumen were isolated by diluting dry 
bitumen with 40 percent technical pentane, followed by agitation of the mixture. The 
asphaltenes were separated by filtration and were washed with fresh pentane. The 
deasphalted heavy oil was recovered by evaporation of pentane from the combined 
filtrate and washings. The bitumen, asphaltene, and deasphalted heavy oil were 
distilled at 733-743 K under atmospheric pressure. Investigation of the products by 
proton magnetic resonance spectroscopy demonstrated that considerable changes 
occur in carbon type during the cracking processes. Gas chromatography indicated
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that the normal paraffinic hydrocarbons from Cg to at least c26 were components of 
the distillate fractions. The results indicated that the deasphalted heavy oil was the 
most thermally labile fraction of the bitumen; 83 percent by weight occurred as cracked 
products such as light oil, gases, and partially-cracked materials (i.e., the resins, which 
are the benzene-soluble fraction of the residue). In contrast, 75 percent of bitumen 
and 52 percent of asphaltene by weight occur as cracked products. Furthermore, one 
of the major effects is a transfer of hydrogen within the system, either by repeated 
condensation of aromatic material to coke or by complete aromatization of the 
naphthenes. The overall result is a highly saturated fraction consisting of the distillate 
(light oil) and a highly condensed aromatic ring structure (the coke). Based on the 
analysis of the products of the thermal cracking, the author98 indicated the average 
molecular structure of the deasphalted heavy oil was consistent with that of a highly 
alkyl-substituted dibenzonaphthacene. Aromatics in the distillate (light oil) were similar 
to naphthacene, and the aromatic structure of the resins appeared to be based on 
anthracene or phenanthrene,
Hayashitani et a l. "  studied the thermal cracking of Athabasca bitumen, free of 
water and minerals, at constant temperatures in the range of 573 to 723 K in a closed 
system in an inert atmosphere. The products of the cracking were separated into 
coke, asphaltenes, heavy oils, middle oils, light oils, and gas. The reaction time versus 
product concentrations were obtained by terminating the reaction at various degrees 
of cracking for the six component groups listed above. The kinetic treatment was 
simplified by combining the middle oil, light oil, and gas to give the distillable fraction. 
A preliminary model was developed in which the cracking was represented by five first-
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order reactions involving four components. The reaction scheme and activation 
energies are shown below:
58
Asphaltene—♦Coke E7=48.1 Kcal/mol
Asphaltene~+Heavy Oil E2=67.8 Kcal/mol
Heavy Oil—♦Asphaltene E3=64.1 Kcal/mol
Heavy Oil—♦Distillables E4=57.5 Kcal/mol
Distillables—»Heavy Oil E5=59.1 Kcal/mol
Barbour et al.700 investigated the thermal pyrolysis of tar sand bitumen which 
remains in contact with the sand matrix. Four Utah tar sands and one Canadian tar 
sand (in the original state) with a particle size of 14-mesh were studied. Tar sand 
samples (6.5 gram) were isothermally pyrolyzed in a preheated borosilicate glass 
reactor at four different temperatures. The unconverted bitumen was determined by 
Soxhlet extraction at various times during the course of the pyrolysis reaction. The 
kinetics, based on the rate of loss of bitumen, were determined. Results indicated that 
first-order kinetics fit well at a temperatures of 700, 755, and 810 K, while at
temperatures as low as 643 K, the data did not fit a first-order reaction. The rate of 
pyrolysis increased by a factor of about 200 as the pyrolysis temperature increased 
from 643 to 813 K. Although the rate constants at a given temperature varied from tar 
sand to tar sand (i.e., deposit to deposit), the apparent activation energies ranged from 
33 to 35 Kcai/mol, which suggests that the pyrolysis steps contributing to the rate- 
determining process are similar in each case.
Research on isothermal and nonisothermal pyrolysis of sized particles of Utah 
tar sands was conducted by Lechner.,°* A reaction rate that was second order in 
bitumen content with an activation energy of about 17 to 20 Kcai/mol was reported. 
A chromatographic study of the types of compounds in the product indicated that 
pyrolysis began at about 623 K. Higher heating rates gave lower boiling range 
products containing less organic sulfur and nitrogen species and less arsenic.
Turner and Nickerson702 recently studied the pyrolysis of Asphalt Ridge tar 
sand bitumen. The nonisothermal pyrolysis data have been analyzed using a 
distributed activation energy technique. These data indicated a distinct bimodal weight 
loss curve. The low temperature weight loss peak had a maximum at about 550 K and 
a first-order apparent activation energy below 10 Kcai/mol. This value of the activation 
energy indicates that the dominant process up to the temperature is vaporization of 
volatile components of the bitumen. The high temperature peak has a maximum at 
above 673 K and an apparent activation energy of about 60 Kcai/mol.
Combustion of the Carbonaceous Residue 
Pyrolysis of oil shale or tar sand results in the formation of a carbonaceous 
residue (char or coke) on the spent shale or spent sand. This carbonaceous residue
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is an important fuel component, as it can contribute a substantial amount of the energy 
required for above-ground or in-situ retorting.
The combustion of oil shale char in large samples of spent shale has been 
studied by a number of investigators.*03_*05 These investigations have been 
concerned with the combustion of large block samples at high temperatures. Under 
these conditions, the overall rate is controlled by the diffusion of oxygen through the 
ash layer. Sohn and Kim*06 formulated a mathematical model to analyze the 
experimental data obtained from the combustion of oil shale char. In these 
experiments, conditions were chosen to insure that the controlling mechanism switched 
from chemical rate control at lower temperatures to oxygen diffusion control at higher 
temperatures. The model incorporated the chemical kinetics, oxygen diffusion, and 
heat effects of the oxidation reaction. Good agreement was obtained between the 
experimental results and the model predictions in terms of the overall reaction rate and 
the temperature profile in the solid.
The intrinsic kinetics of the combustion of oil shale char has been investigated 
by Sohn and Kim*07'*08 Both isothermal and nonisothermal methods were used, and 
various mathematical procedures were used to analyze the data. The intrinsic kinetics 
of this combustion reaction, unaffected by mass transfer effects, was described by first- 
order dependence on the oxygen partial pressure and the amount of unreacted char 
with an activation energy of 22 Kcal/mol. The activation energy remained essentially 




EXPERIMENTAL APPARATUS AND PROCEDURES 
Introduction
The kinetics of the pyrolysis of tar sand bitumen that remains in contact with 
the sand matrix and the kinetics of coked sand combustion has been determined by 
thermogravimetric analysis (TGA). Isothermal and nonisothermal experimental methods 
of analysis were used in these studies. The pyrolysis was studied at different fixed 
temperatures in the isothermal experiments and at different sample heating rates in the 
nonisothermal experiments. A nonisothermal technique, with a fixed heating rate but 
varying oxygen concentrations, was used to study the coked sand combustion 
reactions.
Thermogravimetric Analysis Apparatus
A schematic diagram of the experimental apparatus used for the thermogravi­
metric studies is presented in Figure 3.1. The unit consists of a Du Pont 951 
thermogravimetric analyzer (TGA) and a Du Pont 990 thermal analyzer system.
The inert carrier gas (nitrogen) and the oxidant (air) from the gas cylinders were 
passed through molecular sieve traps to remove impurities prior to entering the TGA 
furnace. The flow rates of the gases were monitored with Fischer & Porter volumetric 
gas flow meters (tube no. FP-1/8-09-G-3/61). The weight loss was recorded and the 
exit gas was passed through a bubble flow meter and vented.
Figure 3.1
Schematic Diagram of the Thermogravimetric Analysis Apparatus

Description of the Instrument
The 951 thermogravimetric analyzer is a plug-in module for the 990 thermal 
analyzer system. It measures the weight and rate of weight change of a material 
continuously, either as a function of increasing temperature or at a preselected 
temperature over a period of time. The TGA 951 consists of three units: the furnace 
assembly, the balance assembly, and the cabinet assembly. A brief description of 
each component follows.
Furnace assembly. The 500-watt resistance furnace has a low thermal mass. 
It can be heated and cooled rapidly and has an operating temperature range from 
room temperature to 1473 K. A Platinel control thermocouple, located in the furnace 
wall, monitors the furnace temperature. The furnace can be heated at various rates 
ranging from 0.5°C to 30°C/minute.
Balance assembly. The balance assembly, mounted on horizontal support rods, 
has an envelope at each end. A large glass envelope encloses the control end of the 
balance. A second envelope, called the furnace tube, encloses the furnace end of the 
balance.
The material to be analyzed is placed in a sample pan suspended from the end 
of the quartz rod. The sample thermocouple can be positioned either inside the 
sample plan (close to the sample) or outside of the sample pan.
The furnace tube is placed over the furnace end of the balance after the sample 
and thermocouple are in place. The furnace tube is held in place by the furnace tube 
retainer, and is sealed with silicone and poly(tetrafluorethylene) O-rings. The assembly 
is moved along the horizontal support rods until the furnace tube is inside the furnace.
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There is a stop on one of the support rods to position the sample pan at the center 
of the furnace. Purge gas is admitted through the connection at the rear of the 
balance housing. A vacuum source may be connected to the end of the furnace tube 
if desired.
Cabinet assembly. The cabinet assembly contains the control panel and 
associated electronic circuits. The control panel contains the fan, derivative reset, 
balance, time constant, scale compression, and suppression controls.
Operating Procedures 
The TGA system had been calibrated at the factory and was ready for 
operation. However, specified calibration procedures were repeated before initial 
operation*10 to ensure the accuracy of the quantitative data. The procedures used to 
perform a TGA scan of any material with a sample weight within the electronic tare 
capabilities, i.e., less than 110 mg, are described briefly below:.
Nonisothermal {Temperature Program Mode) Method
1. The 990 recorder PEN switch was turned to LOAD and the PROGRAM 
STANDBY switch was pressed. The instrument was allowed to warm up for about 30 
minutes.
2. A sheet of 273 to 923 K chart recording paper was placed on the recorder. 
The 990 recorder T-axis ZERO SHIFT was set to +10 cm and the RANGE selector was 
set to 25°C/cm.
3. The 990 controls were set as follows:
STARTING TEMPERATURE 598 K for pyrolysis; 303 K for combustion
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LIMIT TEMPERATURE 873 K
PROGRAM RATE 1, 2, 5, 10°C/min for pyrolysis; 5°C/min for combustion
MODE RETURN TO START
4. The 951 controls were set as follows:
FAN OFF
BALANCE ZERO 5 full turns from counterclockwise stop
SCALE COMPRESSION OFF 
SUPPRESSION 0 mg
DERIVATIVE ON or OFF
TIME CONSTANT 2 sec
5. A nitrogen carrier gas flow rate was established at 50 cm3/min for the tar 
sand pyrolysis experiments. Mixtures of nitrogen and air at a total flow rate of 100 
cm3 were used for the coke combustion studies. The mixture volume percents (air) 
were 100, 50, 25, and 12.5 in nitrogen, which corresponded to oxygen partial pressures 
of 0.178, 0.089, 0.045, and 0.022 atm at the elevation of Salt Lake City, Utah (about 
4,500 feet above sea level).
6. A platinum sample pan was placed on the quartz-rod beam. The sample 
pan and quartz rod were tared with the counterbalance weight included in the 
accessory kit.
7. The furnace tube retainer and slide balance assembly were unscrewed from 
the furnace tube. A microspatula was used to load the sample. About 45 mg of sized 
tar sand particles (14-16 Tyler mesh, about 1 mm in diameter) were loaded into the 
pan in a single, uniform layer for the pyrolysis experiments. For the large-particle
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studies, a 4 mm (80 mg) particle was cut from a uniformly-saturated block of tar sand. 
Only one 4 mm particle was loaded each time in the pyrolysis experiments, due to the 
balance and pan capacity. The 4 mm particles were approximately spherical in shape. 
About 14 mg of Tyler 100-120 mesh coked sand particles were loaded into the pan 
and spread out uniformly in multilayers for the combustion studies. The sample pan 
thermocouple was positioned so that it was close to the layer of sample particles 
without contacting the particles. The balance assembly was carefully moved into the 
furnace tube.
8. The sample was weighed using the COARSE and FINE SUPPRESSION 
controls. The weight was recorded.
9. The COARSE and FINE SUPPRESSION controls were reset to zero. The 
990 Y’ RANGE sensitivity was adjusted and the recording pen was brought to the top 
of the chart using the 951 SCALE COMPRESSION control. The chart scale directly 
read in weight percent ranging from 0 to 100 over 25 cm (from the top to the bottom 
of the chart).
10. To run with a portion of sample weight expanded, the 990 Y’ RANGE 
sensitivity was increased so that full scale represented 10 or 20 percent of the total 
weight loss. The pen was brought back to the top of the chart scale, using the 
COARSE and FINE SUPPRESSION controls.
11. The TGA assembly was flushed by the nitrogen carrier gas for about 10 
minutes. The 990 ISO button was pressed, the furnace was brought to the starting 
temperature 325°C at full power, and the sample was held at this temperature for about 
30 minutes until no significant weight loss was observed. This step was intended to
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vaporize all of the volatile components of the bitumen.
12. The 990 HEAT button was pressed. The recorder PEN was turned to the 
DOWN position. The furnace was allowed to heat to the LIMIT TEMPERATURE. At 
the limit, the pen would automatically lift and the programmer would RETURN TO 
START.
13. The 990 STANDBY button was pressed. The recorder pen was turned to 
LOAD and the furnace tube was removed from the furnace. The apparatus was 
allowed to cool down. Occasionally, the TGA FAN was used for fast cooling.
Isothermal Method
1. The instrument was allowed to warm up for 30 minutes.
2. The isothermal mode recording chart paper was placed on the recorder. 
The 990 T-axis was set to 0 cm and the RANGE selector was set to TIME.
3. The 990 STARTING TEMPERATURE control was set at the range of 698-798 
K, the LIMIT TEMPERATURE was set at the STARTING TEMPERATURE, and the MODE 
control was set at CYCLE.
4. The 951 controls were set as described for the nonisothermal method.
5. The nitrogen carrier gas flow rate was set at 100 cm3/min.
6. The 990 TIME BASE selector was set at 0.1 min/cm.
7. The tar sand sample was loaded into the sample pan in a single layer, the 
sample was weighed, and the scale was expanded. The furnace assembly was 
carefully pulled out of the furnace. The furnace was flushed with nitrogen carrier gas 
for about 10 minutes.
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8. The 990 ISO button was pressed. When the furnace temperature reached 
STARTING TEMPERATURE, 3 minutes were allowed for the system to equilibrate.
9. The tube assembly was carefully positioned in the furnace housing, the 990 
RESET-START switch was set to RESET and then START, and the PEN switch was set 
to the DOWN position.
10. The weight loss recording continued until the line approached the 
horizontal (mode CYCLE).
11. The STARTING and LIMIT TEMPERATURES were set at 773 K. When this 
temperature was reached, the nitrogen carrier gas changed to air, and the coke burned 
out until no additional weight loss was observed.
12. The PEN switch and the MODE button were set to STANDBY, and the 
apparatus was allowed to cool down.
A detailed description of the instrument and the operating procedures are 
presented in the Du Pont 990 thermal analyzer instruction manual.110
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION
Kinetics of the Pyrolysis of Tar Sand Bitumen 
Experimental Results
The pyrolysis of tar sand bitumen that remains in contact with the sandstone- 
mineral substrate was investigated using thermogravimetric techniques. The 
thermogravimetric data were obtained in both isothermal and nonisothermal operating 
modes.
The overall bitumen pyrolysis reaction can be expressed as a single step 
reaction in the first approximation:
bitumen— »gas + liquid + coke (4.1)
The weight loss determined by thermogravimetric analysis (TGA) is a result of the 
evolution of hydrocarbon vapors and fixed gases. In the analysis of the TGA data 
reported in this dissertation, the evolution of water vapor was negligible because of the 
absence of connate water in the Uinta Basin tar sands. The evolution of C02 was not 
significant because the TGA data were taken at temperatures below the carbonate 
mineral decomposition temperatures (923-973 K).
The conversion of a reactant during the course of a reaction is defined as 
follows:*10
71
....................  the amount of reactant converted (at time t) ___
conversion (at time t) ---------------M a i amount of reactant ' (4'2)
In the case of the pyrolysis of tar sands, the reactant is the bitumen. The amount of 
bitumen reacted at any time can only be determined by extraction of the unconverted 
bitumen from the mineral substrate. However, this process would be impractical in 
TGA pyrolysis studies due to the small amount of sample used. The conversion of 
bitumen, X, which remains in contact with the sandstone-mineral matrix, is generally 
defined as:86’88
x  _ the amount of bitumen pyrolvzed fat time t)
total amount of bitumen pyrolyzed (at final t) ' '  ' *
Since the amount of carbonaceous residue formed as a function of time is not 
available in the TGA studies, the conversion of bitumen is treated as follows:86,88
y _  r weight loss at any time , , .
1 total weight loss J in nitrogen •
The differential rate expression for the pyrolysis of tar sand bitumen may be 
expressed as
dC/dt = -k1 Cn = -A'exp(-E/RT) Cn . (4.5)
If this expression is divided by the initial bitumen concentration, C0, and the 
relationship, X = (C0-C)/C0, is used, the following expression is obtained:
dX/dt = C0n' 1 k 1 (1 -X)n = C0n' 1 A 1 exp(-E/RT) (1-X)n (4.6)
or
dX/dt = Acom exp(-E/RT) (1-X)n (4.7)
where X is the bitumen conversion based on TGA weight loss and Acom is the 
combination of C ^ '^A 1. If the initial bitumen concentration C0 is expressed in percent 
(g/g tar sand), then Acom will have the unit of s '7. If we replace Acom with A, we have
dX/dt = A exp(-E/RT) (1 -X)" = k (1-X)n . (4.8)
This differential rate expression was used in the tar sand pyrolysis studies as well as 
the carbonaceous residue combustion studies with the spent sand.
Isothermal Mode
The isothermal pyrolysis was conducted at four different temperatures. The 
furnace was held at the designated temperature until no significant weight loss was 
observed as a function of time, an indication that the pyrolysis was complete. The 
temperatures ranged from 698 K (425°C) to 773 K (500°C) for both the PR Spring 
Rainbow I and Whiterocks tar sands, and 723 K (450°C) to 798 K (525°C) for the 
Sunnyside tar sand. The pyrolysis at 698 K with the Sunnyside tar sand exhibited a 
gradual weight loss instead of a sharp weight loss as was observed with the PR Spring 
Rainbow I and Whiterocks tar sands. This may be due to differences in the nature of 
the three native bitumens; that is, the native Sunnyside bitumen is much more viscous 
than the other two and has a much higher molecular weight. After the pyrolysis 
reactions were completed, the temperature was set to 773 K (500°C) and the carrier 
gas was changed from nitrogen to air to burn the carbonaceous residue on the sand.
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Thus, the percentage of the original bitumen converted to coke and the total bitumen 
content were determined from the weight loss measurements.
The isothermal TGA data were analyzed as follows.
First-Order Assumption
The appropriate differential rate equation assuming first-order overall kinetics is 
obtained from equation 4.8:
dX/dt = kf (1-X) = A exp(-E/RT) (1-X). (4.9)
The integrated kinetic equation is
-ln(1-X) = kt t (4.10)
where
X is the bitumen conversion based on the TGA weight loss;
1-X is the fraction of bitumen unconverted; 
k j is the apparent overall first-order rate constant;
A is the Arrhenius preexponential factor; and 
E is the apparent activation energy.
The bitumen conversion in a nitrogen atmosphere is plotted as a function of 
time in Figures 4.1 through 4.3 for the Spring Rainbow I, Sunnyside, and Whiterocks 
samples, respectively. The experiments were conducted with both one and four 
millimeter particles. The first-order kinetic assumption was tested by plotting -ln(1-X) 
versus reaction time (Figures 4.4 through 4.6). The overall first-order decomposition 
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Figure 4.2
Bitumen Conversion Versus Reaction Time at Various Temperatures














0 20 40 60 80 100 120 140 160 180 200 220









REACTION TIME (s )
78
Figure 4.3
Bitumen Conversion Versus Reaction Time at Various Temperatures
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Figure 4.4
Test for First-Order Kinetics at Various Temperatures
Pyrolysis of PR Spring Rainbow I Tar Sand
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Figure 4.5
Test for First-Order Kinetics at Various Temperatures
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Figure 4.6
Test for First-Order Kinetics at Various Temperatures
Pyrolysis of Whiterocks Tar Sand
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region in which a linear relationship was obtained, The activation energies and 
preexponential factors were then obtained from the Arrhenius plots presented in 
Figures 4.7 through 4.9. In Figure 4.5, the bendover of the data to the fit of first-order 
kinetics (798 K, 1 millimeter particles) was caused from the conversion range close to 
one, which caused -ln(1-x) to increase dramatically.
Second-Order Assumption
The appropriate differential rate expression, assuming second-order kinetics, is 
given by
dX/dt = k2(1 -X)2 = A exp(-E/RT) (1 -X)2 (4.11)
and the integrated kinetic equation is
X/(1-X) = k2t (4.12)
where k2 is the second-order rate constant.
The second-order kinetic assumption was tested by plotting X/(1 -X) versus 
reaction time (Figures 4.10 through 4.12). The values of k2 were obtained from the 
slopes of the linear portions of the plots of X/(1-X) versus time. The second-order 
decomposition activation energies and preexponential factors were obtained from the 
Arrhenius plots, as shown in Figures 4.13 through 4.15. The labels "F" and "1" in 
Figures 4.1 to 4.3 indicate the conversion intervals where the first-order assumption fit 




Arrhenius Plots for First-Order Kinetics
PR Spring Rainbow I Tar Sand
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Figure 4.8
Arrhenius Plots for First-Order Kinetics
Sunnyside Tar Sand
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Figure 4.9
Arrhenius Plots for First-Order Kinetics
Whiterocks Tar Sand
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Figure 4.10
Test for Second-Order Kinetics at Various Temperatures
Pyrolysis of PR Spring Rainbow I Tar Sand
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Figure 4.11
Test for Second-Order Kinetics at Various Temperatures
Pyrolysis of Sunnyside Tar Sand
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Figure 4.12
Test for Second-Order Kinetics at Various Temperatures
Pyrolysis of Whiterocks Tar Sand
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Arrhenius Plots for Second-Order Kinetics
PR Spring Rainbow I Tar Sand
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Figure 4,14
Arrhenius Plots for Second-Order Kinetics
Sunnyside Tar Sand
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Figure 4.15
Arrhenius Plots for Second-Order Kinetics
Whiterocks Tar Sand
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assumption fit the data best. The kinetic parameters for all three tar sand samples are 
summarized in Table 4.1. The conversion data based on the TGA bitumen weight loss 
versus time for various pyrolysis temperatures are listed in Appendix A.
Nonisothermal Mode
It was assumed from the bitumen weight loss versus temperature data that the 
bitumen pyrolysis was completed at 823 K (550°C). The weight loss observed at 
temperatures higher than 823 K was attributed to the decomposition of the 
carbonaceous residue in the sand and to the mineral matter which comprised a portion 
of the host rock. The bitumen conversion as a function of temperature for the three tar 
sand samples in the temperature range of 598 K to 823 K (325°C to 550°C) is 
presented in Figures 4.16 through 4.18 for four different heating rates. Some of the 
experimental data represent averaged results from two or more runs. The history of 
bitumen conversion versus temperature near the final temperature (823 K) was 
uncertain, since a portion of the weight loss may be related to the carbonaceous 
residue decomposition reactions. It was therefore assumed that 100 percent bitumen 
conversion had occurred by the time the system reached 823 K. Two methods, 
Friedman’s procedure92 and the overall integral method,87 were used to analyze the 
data obtained in the nonisothermal experiments.
Friedman’s Procedure
The Friedman method for the treatment of experimental data was first reported 
by Friedman in 196592 Shih and Sohn87 have successfully applied Frieman’s 
procedure to the determination of the intrinsic kinetics of oil shale pyrolysis.
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Table 4.1
Kinetic Parameters for Tar Sand Pyrolysis 
Isothermal TGA
Species PR Spring Rainbow I Sunnyside Whiterocks
Temperature (K) 698-773 723-798 698-773
Diameter (mm) 1 4 1 4 1 4
1st Order E (Kcal/mol) 25.7 30.1 28.3 36.6 24.0 31.0
1st Order A (1/s) 1.3x106 1.4x107 6.2x106 7.4X10® 6.1x10s 3.8x107
2nd Order E (Kcal/mol) 53.0 58.7 49.5 63.2 44.0 56.5
2nd Order A (1/s) 9.7X1014 3.6x1016 3.2x1013 2.6x1017 2.3X1012 9.4x1015
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Figure 4.16
Bitumen Conversion Versus Temperature at Various Heating Rates
Pyrolysis of PR Spring Rainbow I Tar Sand
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The differential rate expression for the nth order pyrolysis of tar sand bitumen 
was given by equation 4.8.
dX/dt = A exp(-E/RT) (1-X)n. (4.8)
The following equation is obtained when the logarithm of equation 4.8 is taken:
In (dX/dt) = In [A(1-X)n] - E/RT. (4.13)
Plots of In (dX/dt) versus 1/T for different bitumen conversions X (ranging from 
0.1 to 0.9) are presented in Figures 4.19 through 4.21. The lines in these figures were 
obtained from a least-squares analysis of the experimental data. The value of -E/R can 
be calculated from the slope of each line, and ln[A(1 -X)n] can be calculated from the 
intercept. The values of E and ln[A(1-X)n] are plotted against X as shown in Figures 
4.22 through 4.24. The activation energy is distributed as a function of bitumen 
conversion (i.e., temperature) instead of being constant as might be expected. The 
complex chemical nature of the bitumens, the mixed pyrolysis reaction order, and the 
effect of vaporization of the more volatile components of the bitumen contribute to this 
change in the apparent activation energy with temperature. The value of the activation 
energy obtained at 90 percent conversion is uncertain due to the difficulty associated 
with obtaining accurate values of dX/dt as the pyrolysis reaction nears the completion. 
The value of the activation energy at 10 percent conversion is particularly low due to 
the low energy barrier for vaporization of the volatiles that evaporate in this temperature 
range. The activation energies obtained at conversions in the range of 20 to 80 percent 




Friedman’s Procedure for the Determination of Kinetic Parameters
PR Spring Rainbow I Tar Sand
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reaction. This value of the activation energy was used to compute ln[A(1-X)n]. Values 
of ln[A(1-X)n] for each value of X are plotted as a function of ln(1-X), and are presented 
in Figures 4.25 through 4.27. The slopes of the plots represent the reaction order and 
the intercepts represent the value of In A. A reasonably straight line was obtained over 
the conversion range of 20 to 80 percent, indicating that the reaction order remains 
quite constant in this conversion range using the average apparent activation energy. 
The exceptions to this observation were the Whiterocks and Sunnyside tar sand 
samples 1 millimeter in diameter. A reasonably straight line was not obtained, which 
indicated a continuous change in reaction order throughout the conversion range for 
both the Sunnyside and Whiterocks samples. This may be related to the fact that 
these two species exhibit low second-order activation energies (Table 4.1). Thus, the 
second-order reactions were enhanced. The enhanced evaporation of pyrolyzed 
products for small particles may cause the increase and change in reaction order. The 
PR Spring Rainbow I bitumen contains a higher percentage of asphaltenes (52 wt 
percent) as compared to Sunnyside bitumen (39 wt percent) and Whiterocks bitumen 
(42 wt percent). The non-asphaltenes species are more likely to undergo a series of 
first-order decompositions; thus, the apparent reaction order could be increased.
Overall Integral Method
The overall integral method provides estimates of the values of E and A from 
the overall conversion versus temperature curves for a reaction. The differential rate 
expression for the nth-order pyrolysis of tar sand bitumen was previously given by 
equation 4.8:
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In ( I -X)
If the bitumen-impregnated sandstone sample is heated at a constant rate, the 
heating rate is given by:
dT/dt = c (4.14)
where c is the heating rate in °C/s. If the reaction rate expression is divided by the 
heating rate, we obtain the following equation:
dX/dT = (A/c) exp(-E/RT) (1 -X f . (4,15)
Upon rearrangement and separation of the variables, the following integral equation is 
obtained,
x ay T
J „ - (A /c )  f  exp( -E/RT)  dT (4 .1 6 )
0 ( l - x ) n To
where T0 is the initial temperature of the particle corresponding to zero conversion, X 
= 0. In this work, T0 = 598 K. The rate at this initial temperature is negligible; thus, 
the lower limit on the integral over temperature can be replaced by zero. The integral 
on the right-hand side of equation 4.16 has no analytical solution; however, the integral 
equation can be approximated by U = E/RT107,111 and by recognizing that dT = 
(-E/R)du/u2. Thus, equation 4.16 can now be written as:
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x , u
I  = (A /c )  ( -E /R )  f  e x p ( -u )u  U. (4 .1 7 )
o ( l - x ) n .
The integral on the right-hand side of equation 4.17 thus can be approximated by using 
the following two relationships.712
u u
J exp(-U)U'2 dU = -exp(-U)/U - J exp(-U) IT1 dll (4.18)
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U
J exp(-U)U_1 dU = -exp(-U)/U (1 - l l /U  + 2!/U2-------) (4 ,19)
The solution to the integral equation is:
T U
J exp(-E/RT) dT -  (-E/R) J  exp(-U) U"2 dU 
0 ®
= T exp(-E/RT) + (E/R) EJ-E/RT) (4.20)
where E/(-E/RT) is the exponential integral which can be approximated by
^ ( - E / R T ) -  -eXP^ f T) (1- - e7 T  + - ^ 2  + - >  <4 '21)
The solution to the left-hand integral of equation 4.16 is dependent upon the value of 
n. Two solutions are possible, depending upon whether n=1 or n*1.
For n=1:
- ln ( l-X )  [T exp(-E/RT) +-{■- E. (-E/RT)] (4.22)
and for n*1:
1 n
(1 = li- - - l  '  1 ■ “ T  [T e><P(-E/RT) + - | -  Ei ( -E / R T ) ]  ( 4 .2 3 )
The solution can be approximated by the first three terms of E^-E/RT) for large values 
of E/RT. Thus, for the case when n=1, we obtain:
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- l n ( l - X )  = ( 1 -  - ^ L - )  e x p ( - E / R T ) . ( 4 .2 4 )
J
For the case when n*1, the following is obtained:
( 1 X ) n - l  '  1 = “ T e" "  e x p ( - E / R T ) . ( 4 .2 5 )
If both sides of equations 4.24 and 4.25 are divided by RT2(1-2RT/E)/c and the 
logarithms are taken, the following equations are obtained:
For n=1:
In  [------: c 1n (1 ' X)------ ] = In (A /E )  - E/RT (4 .2 6 )
R r  (1-2RT/E)
and for n*1,
In  [----- c ------ J J —  ] = 1 n (A/E) - E/RT. (4 .2 7 )
(n -1 )  RT (1-2RT/E)
The reaction order, n, derived from Friedman’s procedure, was used in the overall 
integral method. As a comparison, the first- and second-order tests were also 
conducted. An iterative procedure was used to obtain convergence, since E appears 
in both sides of equations 4.26 and 4.27. A first approximation of E was used in the 
left-hand side of equations 4.26 and 4.27, and is plotted versus 1/T. The slope and 
intercept were obtained by a least-squares fit of the data, and the values of -E/R and 
ln(A/E) were calculated from the slope and intercept, respectively. The value of E thus 
obtained was then used in the left-hand side of equations 4.26 and 4.27. A more
2
accurate value of E is successively obtained until no improvement in the value of E is 
obtained. Only three iterations were required to obtain convergence when a first 
estimation of E is 40 Kcal/mol is used, and a tolerance of one cal/mol is accepted. The 
value of A is then obtained from the final value of ln(A/E). The least-squares fits of 
equation 4.27, using the apparent reaction order derived from Friedman’s procedure, 
to the experimental data are presented in Figures 4.28 through 4.30. In each case, 28 
data points are used: seven values of the conversion (X = 0.2 to 0.8) and four values 
of the heating rate.
The values of A and E derived from these two methods for samples from 
different tar sand deposits and different particle sizes are summarized in Table 4.2. The 
conversion can be calculated from equations 4.23 and 4.24 as follows:
n=l; X - l-exp[ (1 ) exp ( - E/RT) ] (4.28)
n * l; X=l-exp{ln [(n-1) - ^ ( 1  - ) exp( -E/RT) + l j / ( l - n ) }  (4.29)
The conversion versus temperature was calculated using the values of E and A, 
which are obtained by the overall integral method using the apparent reaction order 
derived from Friedman’s procedure. The calculated conversion versus temperature 
curves are compared with the experimental data in Figures 4.31 to 4.33. The bitumen 
conversions based on the TGA weight loss versus temperature for different heating 
rates are listed in Appendix B.
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Figure 4.28
Overall Integral Method for the Determination of Kinetic Parameters
PR Spring Rainbow I Tar Sand
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Figure 4.29
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Figure 4.31
Comparison Between Experimental Data and Calculated Curves 
Using the Overall Kinetic Parameters 
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Discussion
The bitumen conversion versus time curves for the isothermal experiments 
(Figures 4.1 to 4.3) indicate that in the early stages of the pyrolysis process, the weight 
loss is linear (except for the initial heat-up period, which is about 5 seconds for 1 
millimeter particles and about 15 seconds for 4 millimeter particles). This observation 
suggests that the physical and chemical processes taking place obey zero order 
kinetics. The direct distillation/evaporation of the volatile components of the bitumen 
may contribute to this observation.
The one and four millimeter particles were chosen for the pyrolysis study instead 
of very fine particles. The effect of bitumen evaporation is enhanced due to its high 
surface area with very fine particles; that is, more lower molecular weight species would 
evaporate rather than undergo pyrolysis. A few layers of very fine particles will not 
provide the appropriate amount of material for the TGA analysis. Furthermore, 
interparticle heat and mass transfer resistance could influence the results if the 
appropriate amount of fine-sized sample was used. In order to reduce the direct 
bitumen evaporation and interparticle heat and mass transfer resistance, both 1 and 
4 millimeter particles were chosen for the study of the pyrolysis kinetics.
The overall pyrolysis process takes place over a range of temperatures. There 
appears to be a transition from second-order kinetics at low pyrolysis temperatures (i.e., 
a second-order model fits the low temperature data best) to a "mixed order" at high 
pyrolysis temperatures. The concept of a "mixed order" is defined as follows: at higher 
pyrolysis temperatures, the data is best fit by a first-order kinetic model, followed by a 
best fit to a second-order kinetic model. There also appears to be an overlap or
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transition region where both models appear to fit the data. Since the chemical 
composition of bitumen is extremely complex and no fixed composition could represent 
the various decomposition reactions, the breaking of different bonds may occur 
simultaneously. This condition is referred to as a lumped reaction scheme. A reaction 
order higher than one could result from a series of parallel first-order decomposition 
reactions.* 13>114 in addition, autocatalytic reactions may also contribute to the higher 
order results. At low pyrolysis temperatures, the effects of distillation/evaporation 
decrease. Thus, more bitumen/product remains on the sand matrix, which may 
enhance the second-order autocatalytic reactions. In the final stage of the pyrolysis, 
the bitumen weight loss is again linear (this region is beyond the time scale shown in 
Figures 4.1 to 4.3 for low temperatures). The decomposition of a portion of the 
carbonaceous residue may contribute to this Oth order weight loss.
The one millimeter particles exhibited lower apparent activation energies. This 
phenomena could result from the enhanced effects of bitumen/product surface 
distillation/evaporation for small particles, as well as from error caused by the isothermal 
assumption for large particles.
The first-order kinetic treatment of the data resulted in an apparent activation 
energy of approximately 30 Kcal/mole with a preexponential factor of about 1,4x107s'7. 
Second-order kinetic treatment of the data resulted in an apparent activation energy 
of approximately 50 Kcal/mole with a preexponential factor of about 3.3x1073s'7.
Reproducibility was checked for several runs. The apparent activation energy 
and the preexponential factor were quite consistent. The coke content was higher at 
lower pyrolysis temperatures, as indicated in Table 4.3. Some of the residual
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Table 4.3
Carbonaceous Residue Content for Tar Sand Pyrolysis 
Isothermal TGA
PR Spring Rainbow 1 Sunnyside Whiterocks
Diameter (mm) 1 4 1 4 1 4
698 K 28.33 28.46 . . . . . . 28.46 22.98
723 K 24.68 20.14 28.65 27.19 26.89 20.13
748 K 21.16 17.96 22.99 24.27 22.92 18.71
773 K 17.95 17.95 22.35 22.86 22.45 18.18
798 K . . . . . . 22.16 20.49 . . . . . .
hydrocarbon species on the sand are high molecular weight components, which were 
neither decomposed to volatile hydrocarbons nor evaporated at the low temperature of 
pyrolysis. These residual hydrocarbons are described as soft coke, which is solvent 
(toluene) extractable, and contribute to the higher coke content when they burn in the 
final combustion step.
The 4 millimeter Whiterocks tar sand particles were pyrolyzed in the temperature 
range 298 to 873 K (25 to 600°C) at initial heating rates of 1, 2, 5, and 10°C/min in the 
nonisothermal experiments. Analysis of the data, using Friedman’s procedure, indicated 
that the activation energy increased dramatically with bitumen conversion from 14 
Kcal/mol at 10 percent conversion to 21 Kcal/mol at 50 percent conversion, and finally 
to 35 Kcal/mol at 90 percent conversion. The low activation energy in the 0-50 percent 
conversion range may be caused by the direct distillation/ evaporation of the 
bitumen/products. The apparent activation energy of the distillation/ evaporation 
process can be determined from the slope of the linear portion (early stage) of the 
bitumen conversion versus time data (Figures 4.1-4.3). The Arrhenius plots of the data 
are shown in Appendix C. For 1 millimeter samples, the analysis indicated an apparent 
activation energy of 7-8 Kcal/mol for PR Spring Rainbow I and Whiterocks samples, and 
16 Kcal/mol for the Sunnyside sample. The higher activation energy of the Sunnyside 
sample could result from its high bitumen viscosity. In order to minimize the effects of 
evaporation and to narrow down the apparent activation energy range, the bitumen 
weight loss in low temperature ranges was excluded. Since the pyrolysis of bitumen 
begins at about 623 K,102 the sample was held at 598 K in a nitrogen environment until 
no significant weight loss was observed. This results in approximately 60 percent of 
the total bitumen weight loss (in a nitrogen environment), which corresponds to the
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volatility of the native bitumen as determined by simulated distillation. Thus, the weight 
loss at 598 K is attributed to the distillation/evaporation of the lower molecular weight 
species in the native bitumen. The rest of the bitumen was then pyrolyzed to 873 K 
using the same heating rates with nitrogen as with the carrier gas.
The differential treatment of the data according to Friedman’s procedure has the 
advantage in that the reaction order, the activation energy, and the preexponential 
factors are yielded simultaneously. For the case of complex reactions with changing 
mechanisms, this method will yield those kinetic parameters as functions of conversion. 
The overall integral method is advantageous in that it gives an activation energy and 
preexponential factors that best fit the whole conversion range or the conversion interval 
of interest. Unfortunately, this method does not yield the reaction order; thus, the 
reaction order derived from Friedman’s procedure was used in the overall integral 
method calculation. The first- and second-order kinetic models were also tested. A 
comparison of these three results using the overall integral model (Table 4.2) indicates 
that the second-order kinetics resulted in higher values of the activation energy and 
preexponential factor. The first-order kinetics gave lower values of activation energy 
and preexponential factor, while the reaction order in between one and two showed the 
activation energy and preexponential factor in between those derived from first- and 
second-order kinetics.
As mentioned before, the fraction reaction order between 1 and 2 suggests a 
reaction scheme in which first-order decomposition, as well as bimolecular interactions 
including autocatalytic reactions, may be taking place simultaneously. Also, a series 
of parallel first-order reactions with different rate constants (activation energies) could
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cause the apparent reaction order to be higher than -\,113>114 The convex distribution 
of activation energies versus bitumen conversion may be caused by the series of 
reactions. Since the bitumen is complex in nature, the low activation energies exhibited 
in the low and high conversion ranges may result from the bitumen/products 
distillation/evaporation effect, or from an autocatalytic reaction; that is, oil produced 
through the bitumen pyrolysis may interact with bitumen or oil to catalyze further 
decomposition, as proposed by Allred80 for oil shale pyrolysis.
Some of the physical and chemical properties of the extractive native bitumen 
are listed in Table 2.3. The Whiterocks bitumen has a higher percentage of saturates 
and a lower percentage of asphaltenes. The saturates are more likely to undergo a 
series of first-order decomposition reactions simultaneously, as compared to the 
asphaltenes. This may lower the apparent activation energy86 and result in a higher 
apparent mixed reaction order. On the contrary, the PR Spring Rainbow I
bitumen contains a lower percentage of saturates and a low percentage of asphaltenes, 
as well as possessing an extremely high viscosity. This is likely to cause an increase 
in activation energy, as indicated by the fact that the temperature range required for the 
isothermal pyrolysis is higher and that the activation energy of distillation/evaporation 
is twice as high as compared with the other two species.
Intrinsic Kinetics of the Combustion of Coked Sand 
Experimental Results
The nonisothermal integral method*07 and the method of Freeman and 
Carroll*08,t?5 were used in this work to analyze the combustion of the carbonaceous
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residue on the spent sand produced during the fiuidized-bed pyrolysis of bitumen- 
impregnated sandstone.
Integral Method
The nonisothermal integral method has been discussed in the previous section 
on the pyrolysis of bitumen. The differential rate expression of the reaction of a solid 
with a gas may be generally expressed as follows:707,708
where k is the reaction rate constant, f^p^) is the dependence of the rate on oxidant 
concentration, and f2(X) is the dependence of the rate on the fraction of carbonaceous 
residue remaining unconverted. Assuming that a power rate law provides an adequate 
description of the rate, the following is obtained:
where n is the order with respect to unreacted fraction of carbonaceous residue. In the 
nonisothermal method, the temperature is increased linearly with time, and the rate 
constant is expressed in the Arrhenius form:
dX/dt = k ft (pA) f2(X) (4.30)
dX/dt = k f?(po2) (1-X)n (4.31)
T = T0 + ct (4.32)
and
k = A exp(-E/RT). (4.33)
If these expressions are substituted into equation 4.31, we obtain the following integral 
equation:
x hy T
9(X) = I — 1“-r = f, (po2) (A/c) / exp(-E/RT) dT.(4.34) 
0 (l-x)n 1 L 0
The integral terms are identical to those in equation 4.16. Again, if the first three terms 
of the exponential integral E,(-E/RT) (equation 4.21) are taken, we obtain the following 
expression for g(X):
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A f I (pOp) RT 2RT 
9(x) = ----- ^ -------  (1 - ~Jf~)  exp(-E/RT). (4.35)
If it is assumed that n=1, that is, if a first-order dependence on the fraction of 
the carbonaceous residue remaining is assumed, then
g(X) = -ln(1-X). (4.36)
If it is assumed that n=1, that is, if a second-order dependence on the fraction of the 
carbonaceous residue remaining is assumed, then
g(X) = X/(1-X). (4.37)
If both sides of equation 4.31 are divided by T2 and the logarithm is taken, then the 
following expression is obtained:
p A f, (po») R 2rt 
In [ g ( X ) / n  = In [---- -----------  (1 - -Zf- )] - E/RT. (4.38)
The activation energy could be obtained from the slope of the plot of In [g(X)/T2] 
versus 1/T for large values of E/RT, since the right-hand side of equation 4,38 is 
dominated by this term. Thus, a single value of T would be used in the term (1 - RT/E), 
The value of E/RT does affect the computed value of A, One suitable value of A is 
obtained by using the value of T at X = 0.5 (T) in the term (1 - 2RT/E), since this 
temperature represents the midpoint conversion.707
The spent sand produced during the fluidized-bed pyrolysis of PR Spring 
Rainbow I tar sand40 was used in this study. Three coked sand samples (045-PRS(R)- 
JD, 037-PRS(R)-JD, and 040-PRS(R)-JD)40 produced at the same solid retention times 
(30 min) and fluidizing gas velocities (144 LPH), but at various retorting temperatures 
(773, 823, and 873 K) were chosen for the combustion experiments. The 100 to 120 
Tyler mesh fraction of the spent sand particles was selected for study in order to 
minimize the mass transfer resistances. The external mass transfer resistance was 
eliminated by using a high flow rate of gas and the thin layers of the solid.
The weight percent of carbonaceous residue remaining as a function of 
temperature for the spent sand produced at 773 K is presented in Figure 4.34. The 
curves in this figure were obtained for both nitrogen and oxygen environments. The 
nitrogen experiment was intended to determine the temperature (T > 873 K) at which 
the observed weight loss could be identified with mineral carbonate decomposition. 
The weight loss in nitrogen at temperatures below 773 K was about 0.2 percent, and 
was assumed to result from the desorption or volatilization of adsorbed hydrocarbons 
and/or water. The weight loss was gradual until about 873 K, where a sharp weight 
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devolatilization of the volatile matter remains in the spent sand, whereas the sharp 
weight loss after 873 K was related to the mineral matter decompositions.
The carbonaceous residue conversion versus temperature at various oxygen 
partial pressures for the three PR Spring Rainbow I spent sand samples is presented 
in Figures 4.35 through 4.37. The weight loss up to 573 K, about 0.1 to 0.2 weight 
percent (g/g spent sand), was assumed to be due to the evaporation of volatiies and 
water, and was excluded from the combustion calculations. The combustion reaction 
was completed at the point of inflection (as indicated in Figure 4.34) at 798 K for spent 
sand samples formed at 773 and 823 K, and at 823 K for the spent sand sample 
formed at 873 K. At the temperature of inflection, the carbonaceous residue was 
virtually exhausted. The curves, calculated by a fourth power polynomial approximation 
(in temperature), are also included on Figures 4.35 through 4.37. The approximation 
represents the experimental data quite well except at the highest and lowest 
temperatures. The slopes calculated from these curves (the temperature range close 
to both ends was excluded) were used to analyze the data according to the method 
of Freeman and Carroll.715 The results of the kinetic analyses using equation 4.38 are 
plotted in Figures 4.38 through 4.40. The activation energies derived from the slope of 
a straight-line least-squares fit for each set of data are listed in Table 4.4. The 
activation energies obtained from four different oxygen partial pressures were averaged 
(shown in Table 4.4) and the straight-line fits were redrawn to fit the experimental data, 
using a slope based upon the average activation energy. The intercepts thus obtained, 
together with the average activation energy, were used to calculate the value of A 
f?(po2), using equation 4.38 for each set of data. The values of A i 1(po2) were plotted 
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Figure 4.40
Test tor the Kinetics of the Carbonaceous Residue Combustion 
Spent Sand Formed at 873 K 
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Kinetic Parameters for the Combustion of the 
Carbonaceous Residue on the Spent Sand 
Nonisothermal TGA
Table 4.4
PR Spring Rainbow I Coked Sand* 773 K 823 K 873 K
1 st Order Test 
po2, atm
0.178 Ep Kcal/mol 23.83 25.27 30.52
0.089 E2, Kcal/mol 25.64 27.21 32.16
0.045 E3, Kcal/mol 27.78 29.69 32.51
0.022 E4, Kcai/mol 28.69 30.46 31.23
Eave, Kcal/mol2 26.48 28.16 31.60
A, s‘ * atm'0,5 9.50x105 2.67x10® 2.50x107
ff (po2), atm po205 po205 po205
2nd Order Test 
po2, atm
0.178 Ep Kcal/mol 43.02 42.22 48.98
0.089 E2, Kcal/mol 41.81 43.09 47.26
0.045 E3, Kcal/mol 42.54 43.02 44.13
0.022 E4, Kcal/mol 41.17 41.55 40.07
Eave, Kcal/mol 42.14 42.47 45.11
A, s‘ * atm'0-75 4.20x10** 4.26x10** 2.00x10*2
ft (po2), atm 0.75po2 po2075 p o / 75
Coke, % (g/g coked sand) 1.864 1.153 1.905
* PR Spring Rainbow I coked sand formed during the fluidized-bed pyrolysis at 
temperatures of 723, 823, and 873 K and sand retention time of 30 min.
2 Eave = (E, + E2 + E3 + E4)/4.
of oxygen partial pressures studied. The straight-line least-squares fit of the data are 
presented in Figures 4.41 through 4.43. It is observed that, for the first-order 
assumption in the unconverted fraction of coke, the 0.5 order of oxygen partial pressure 
results in a linear relationship passing through the origin. Thus, f f (po2) = po20'5 and 
A = slope. For second-order assumption, the 0.75 order of oxygen partial pressure is 
found, so i 1(po2) = po20'75 and A = slope.
It is observed from Table 4.4 that the second-order assumption with respect to 
the unreacted coke fraction results in a higher activation energy and a higher 
preexponential factor when compared to the first-order assumption. In addition, the 
carbonaceous residue formed at the higher pyrolysis temperature exhibited a higher 
average activation energy and a higher preexponential factor. This is probably due to 
the severe pyrolysis condition at which the coke was formed, resulting in a more 
hydrogen-deficient carbonaceous residue on the sand grains.
The calculated conversion was derived from equation 4.35 as follows:
n = 1; X = 1 -exp[-(ART2/cE) (1-2RT/E) exp(-E/RT) f7(po2)J (4.39) 
where E = Eave\ f?(po2) = p o /-5
n = 2; X = 1 - 1/[(ART2/cE) (1-2RT/E) exp(-E/RT) fy(po2) + 1] (4.40) 
where E = Eave; fy(po2) = po20 75
The calculated coke conversions are presented in Figures 4.44 through 4.46. These 
calculated results were compared to the experimental data in Figures 4.47 through 4.52 
for various oxygen partial pressures. An examination of the comparisons reveals that 




Determination of the Dependence of the Reaction 
Rate on Oxygen Partial Pressures 
Spent Sand Formed at 773 K 
PR Spring Rainbow I
0.5
0.75
P0 2 * * 0 ' 7 5 , Catm >
Figure 4.42
Determination of the Dependence of the Reaction 
Rate on Oxygen Partial Pressures 
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The Method of Freeman and Carroll
This method was reported by Freeman and Carrol**5 in 1958 and was 
successfully applied to the kinetic study of the combustion of the oil shale 
carbonaceous residue by Kim and Sohn,*08
If equations 4.31 through 4.33 are combined, we obtain the following form of the 
differential rate expression;
dX/dT Af|(po«)
. = ---1.-.-.. exp(-E/RT). (4.41)
(1-X)n c
If the logarithm of equation 4.41 is taken, the following expression is obtained:
In (dX/dT) - ln(1-x)n = ln[Aft (po2)/c] - E/RT. (4.42)
This equation can be differentiated with respect to T to give
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If it is assumed that E is independent of temperature in the range of interest, equation 
4.43 can be integrated over aT to give
Aln(dX/dT) - nAln(1 -X) = -E/R a(1/T). (4.44)
Dividing equation 4.44 by Aln(1-X) yields
Ain(dX/dT) _ (E/R)a (1/T)
Aln(l-X) “ ' Aln(l-X)
+n. (4.45)
It is observed from equation 4.45 that the plot of Aln(dX/dT)/Aln(1 -X) versus 
A(1/T)/Aln(1-X) should result in a straight line with a slope of -E/R and an intercept of 
n. The plots are presented in Figures 4.53 through 4.58. The results indicate that the 
middle range of conversions gives a better straight-line fit. The straight-line fit for 
extended conversion ranges is also included for most cases. The intercept which 
represents reaction order for the unconverted carbonaceous residue fraction falls 
between 1 and 2 for all three samples at the four oxygen partial pressures. The 
activation energies fall between those derived from first- and second-order assumptions 
in the integral analyses. The kinetic parameters obtained from the method of Freeman 
and Carroll are consistent with the results derived from the integral analysis.
Discussion
Numerous studies of heterogeneous reactions between solid carbonaceous 
reactants and oxygen have been conducted; however, disagreements still exist among 
investigators on many aspects of the problem. The heterogeneous reactions between 
gases and solid particles have been modeled using the following assumptions:777
1. Solid carbonaceous particles are considered to be carbon spheres in an 
essentially infinite gas stream.
2. The gas-phase reactant first diffuses to the solid surface or into the pores 
in the carbonaceous particles, and then adsorbs and reacts with the 
surface.




Plot of the Data According to the Method of Freeman and Carroll 
Oxygen Partial Pressures of 0.178 and 0.089 atm 
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Figure 4.54
Plot of the Data According to the Method of Freeman and Carroll 
Oxygen Partial Pressures of 0.045 and 0.022 atm 
Spent Sand Formed at 773 K 
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Figure 4.55
Plot of the Data According to the Method of Freeman and Carroll 
Oxygen Partial Pressures of 0.178 and 0.089 atm 
Spent Sand Formed at 823 K 
PR Spring Rainbow I
207
2
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4







X-0.25-0.87, T-680-740 K 
y -  1.332 -  1.486e+4x R = 0.99
E=39.20 kcal/mol 
X -0.16-0.92. T-670-750 K 
y -  1.661 -  1.973e+4x R -  0.98
PR Spring Rainbow I spent sand (823 K)
-3 
0.0 0.5 1.0 1.5 2.0
[A (1 /T ) /A ln ( l -X ) ]x  10
208
Figure 4.56
Plot of the Data According to the Method of Freeman and Carroll 
Oxygen Partial Pressures of 0.045 and 0.022 atm 
Spent Sand Formed at 823 K 
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Plot of the Data According to the Method of Freeman and Carroll 
Oxygen Partial Pressures of 0.178 and 0.089 atm 
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Figure 4.58
Plot of the Data According to the Method of Freeman and Carroll 
Oxygen Partial Pressures of 0.045 and 0.022 atm 
Spent Sand Formed at 873 K 
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The rate-determining step in this model can be chemical (adsorption of reactant, 
reaction, desorption of products) or physical (bulk phase diffusion, i.e., diffusion of 
reactant through boundary layer, or pore diffusion of reactant or product. 11 7 ' 11 9  in the 
case of combustion, the gas phase reactant is oxygen. Three different temperature 
regimes have been postulated and experimentally observed in order to determine the 
rate-limiting step of the combustion of the char that remains after the coal 
devolatilization. 117 ' 1 1 9  in Zone I, which occurs at a low temperature (below 873 K), 
the chemical reaction is the rate-determining step. In this regime, the chemical reaction 
is slow and the concentration of oxygen inside the pores is essentially the same as bulk 
fluid. Zone II is the transition regime. The rate-limiting step may be due to both the 
chemical reaction and the pore diffusion. Zone III, which occurs at high temperatures, 
is controlled by oxygen bulk diffusion. In this regime, the chemical reaction is so rapid 
that the oxygen within the particle is depleted, and oxygen is present only at the outer 
surface of the particle. Thus, it is assumed that oxygen diffusion in the boundary layer 
controls the burning rate. Other important variables related to the kinetics of the 
carbon-oxygen reaction are the external and internal surface areas of the solid particles. 
The concept of active sites on the solid surface has also been proposed to explain 
combustion kinetics.* 18>1 1 9
The intrinsic oxygen dependence or order has been reported from zero through 
fractional orders to - \ ,117>1 1 8  The controversy as to the reaction order of oxygen has 
not yet been resolved. It is generally held that both carbon monoxide and carbon 
dioxide are primary direct products of the char combustion reactions. The ratio of 
CO/CO2  increases with increasing reaction temperature. 117>11 8
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In this study, the spent sand particles are finely divided (100-120 mesh), the 
amount of oxygen required for combustion is small (less than 1 cm3 STP) as compared 
to the oxygen supplied, and the residue combustion reactions were conducted at 
temperatures below 823 K. In this low-temperature regime, the chemical reaction is 
considered to be the rate-limiting step for the combustion of fine coked sand particles. 
The direct formation of CO and C02 through the chemical reaction may be represented 
as follows: 11 8
2C + 0 2 —♦ 2C(0) (4.46)
C(O) — » CO (4.47)
2 C(O) —* C02 + C. (4.48)
The carbon atom symbol shown in the above equations refers to an active site on the 
solid material, and the symbols in parentheses are used for adsorbed species on the 
sites. According to these expressions, if adsorption of 0 2 to active sites is the rate- 
determining step, a first-order dependence on oxygen would be found. On the other 
hand, if desorption of C(O) or 2 C(O) is a rate-determining step, a zero order 
dependence on oxygen would be found. Since a fractional-order dependence on 
oxygen partial pressure was observed in this combustion experiment, it is postulated 
that both the adsorption and desorption processes occurred competitively as the rate- 
limiting step.
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A value of n=0.5 could be an indication of the influence of intraparticle diffusion 
limitations which could arise if the metals deposited in the coke accelerate t he 
combustion reaction.
The general differential rate expression for the intrinsic kinetics of a gas-solid 
reaction was given in equation 4.30:
dX/dt = k f7(p*)f2(X) (4.30)
where f2(X) is the dependence on the fraction of solids remaining unconverted. This 
is normally a function of the geometry of the solid as the reaction proceeds.707 In the 
case of combustion of a carbonaceous solid, such as "char" formed by the 
devolatilization of coal, f2(X) is generally expressed as the external surface area of the 
particle. 7 1 7 ,1 1 9  In the combustion of the carbonaceous residue formed after pyrolysis 
of oil shale, the dependence on the unconverted fraction of carbonaceous residue was 
reported to be between 0.95 and 1.22, depending upon the pyrolysis temperature. A 
global first-order dependence was used in the further analysis of the data.707 In this 
study, both first- and second-reaction orders with respect to the unconverted fraction 
of carbonaceous residue were tested. The analysis of the data by nonisothermal 
integral method was shown in Figures 4.41 through 4.43. An examination of these 
analyses indicated that first-order assumption on the remaining fraction of carbonaceous 
residue resulted in better straight-line fit of the data obtained from lower oxygen partial 
pressures (0.045 and 0.023 atm). The second-order assumption gave a better straight- 
line fit of the data obtained from higher oxygen partial pressures (0.178 and 0.089 atm). 
The pertinent chemical reactions between carbon (active site) and oxygen were
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expressed in equations 4.46-4.48. Equation 4.46 represents the dissociative adsorption 
of oxygen molecules on two active sites, and equations 4.47 and 4.48 represent surface 
reactions of chemisorbed C(O). If equation 4.47 is the rate-determining reaction, a first- 
order dependence on carbon remaining (active sites) would be found; otherwise, if 
equation 4.46 and/or equation 4.48 is the rate-limiting step, a second-order dependence 
on carbon remaining (active sites) would be round. At higher oxygen partial pressures, 
the chemisorption of oxygen on an active site would be enhanced (equation 4.46). 
Thus, the second-order dependence on the fraction remaining of the carbonaceous 
residue resulted in better straight-line fit of the data. At a lower oxygen partial pressure, 
however, the first-order dependence on the fraction remaining of the carbonaceous 
residue gave a better straight-line fit of the data (Figures 4.41 through 4.43). Since the 
carbonaceous residue formed during the pyrolysis of tar sand bitumen is not a pure 
species, reactions such as the following could occur:*78
CnHm + (n/2 + m/4) 0 2 — *• nCO + (m/2) H20  (4.49)
CnHm + (n/2) 0 2 —♦ nCO + (m/2) H2. (4.50)
The unconverted coke fraction could then exhibit a reaction order higher than one 
(between one and two). This intermediate reaction order could be attributed to the 
lumped reaction behavior like the equations shown above. 113 ’ 114
CHAPTER 5
CONCLUSIONS
Conclusions Related to the Pvrolvsis of Tar Sands 
Isothermal Analysis
1. First- and second-order pyrolysis kinetics were observed. The first-order 
assumption fits most of the bitumen conversion range for higher pyrolysis temperatures 
(723-773 K for the Rainbow I and Whiterocks tar sands, and 748-798 K for the 
Sunnyside tar sand), while the second-order assumption was more appropriate at the 
lower pyrolysis temperatures (698-723 K for the Rainbow I and Whiterocks tar sands, 
and 723-748 K for Sunnyside tar sand).
2. The pyrolysis reactions appeared to undergo a transition from first-order 
kinetics to second-order kinetics as a function of time at pyrolysis temperatures above 
723 K for the one millimeter particle samples. This transition may be related to a 
transformation from a physical process, evaporation-vaporization, at short reaction times 
to a combined chemical-physical process, pyrolysis-evaporation-vaporization at longer 
reaction times.
3. The first-order kinetics treatment of the data led to an apparent activation 
energy of approximately 30 Kcal/mol; the second-order kinetics treatment of the data 
led to an activation energy of 50 Kcal/mol.
4. Lower apparent activation energies were obtained for the 1 millimeter 
particles as compared to the 4 millimeter particles. This result may arise from enhanced
surface evaporation with small particles or from the inadequacy of the isothermal 
assumption for the larger particles.
Nonisothermal Analysis
1. The kinetic treatment of the data by Friedman’s procedure resulted in a wide 
distribution of apparent activation energies with respect to bitumen conversion, and the 
mixed reaction order derived from the average activation energies was between one and 
two.
2. The second-order kinetic treatment of the data by an overall integral method 
resulted in a higher apparent activation energy and preexponential factor compared to 
the first-order treatment of the data.
3. The distribution of activation energies and a reaction order greater than one 
may result from a series of parallel, first-order rate processes, each characterized by a 
different rate constant (activation energy). The effect of evaporation/distillation of 
bitumen/products may cause the low activation energy in the low and high conversion 
range. These observations may also be related to concurrent autocatalytic reactions 
involving the produced heavy gas oil and the bitumen or to catalytic activity of the sand 
mineral matrix and/or the carbonaceous residue on the surface of the sand grains.
4. The apparent activation energy and preexponential factor for the pyrolysis 
reaction for 1 millimeter particles were lower than those obtained for the 4 millimeter 
particles.
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Conclusions Related to the Combustion of Coked Sands
1. The kinetic parameters for the combustion of the carbonaceous residue 
(coke) on the sand were determined. The results indicate a reaction order between one 
and two, with respect to the unreacted carbonaceous residue fraction and a fractional 
dependence upon the oxygen partial pressure. The first-order assumption, with respect 
to the unreacted carbonaceous residue fraction, gave an activation energy of 28 
Kcal/mol and an oxygen partial pressure dependence of 0.5. The second-order 
assumption gave an activation energy of 43 Kcal/mol and oxygen partial pressure 
dependence of 0.75.
2. The activation energy for the combustion of the coked sand formed at 
higher pyrolysis temperatures was greater than the activation energy for the coked sand 
produced at lower pyrolysis temperatures. The severe pyrolysis/condensation reactions 
at high temperatures may result in high energy-bonded carbonaceous residue.
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APPENDIX A
CONVERSION OF BITUMEN VERSUS REACTION TIME 
AT VARIOUS TEMPERATURES- 
ISOTHERMAL TGA





















0.000 0.000 0.000 0.000 0.0)00 0.00) 0.000 0.000
12.000 0.152 12.0)0 0.175 12.0)0 0.242 6.000 0.089
24.000 0.363 24.000 0.424 18.000 0.405 12.000 0.259
36.000 0.519 30.000 0.521 24.000 0.542 18.000 0.454
48.000 0.608 36.000 0.593 30.000 0.641 24.000 0.615
60.000 0.661 42.000 0.644 36.000 0.713 30.000 0.745
72.000 0.702 48.000 0.684 42.000 0.771 36.000 0.842
84.000 0.731 60.000 0.737 48.00) 0.816 42.00) 0.904
96.000 0.750 72.000 0.776 54.00) 0.853 48.000 0.938
108.000 0.768 84.000 0.806 60.000 0.880 54.0)0 0.956
120.000 0.781 96.000 0.830 66.0)0 0.901 60.000 0.966
132.000 0.793 108.000 0.851 72.000 0.918 66.000 0.971
144.000 0.805 120.000 0.866 84.000 0.941 72.000 0.975
156.000 0.814 132.000 0.880 96.000 0.954 78.000 0.978
168.0)0 0.823 144.000 0.893 108.000 0.961 84.000 0.980
180.000 0.830 156.000 0.902 120.000 0.967 90.000 0.982
192.000 0.837 168.0)0 0.910 132.000 0.972 96.0)0 0.983
204.000 0.844 180.000 0.918 144.000 0.975 102.000 0.984
216.000 0.851 192.000 0.925 204.000 0.980 108.0)0 0.985
1050.000 1.000 630.000 1.000 330.000 1.000 210.000 1.000
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0.000 0.000 0.000 0.000 0.0000 0.000 0.000 0.0)0
12.000 0.328 12.000 0.364 6.000 0.180 6.000 0.172
24.000 0.531 18.000 0.501 12.000 0.424 12.000 0.445
36.000 0.636 24.000 0.609 18.000 0.632 18.000 0.699
48.000 0.700 30.000 0.682 24.000 0.774 24.0)0 0.876
60.000 0.748 36.000 0.734 30.000 0.844 30.00) 0.930
72.000 0.782 42.000 0.773 36.000 0.874 36.000 0.947
84.000 0.807 48.000 0.799 42.000 0.890 42.000 0.956
96.000 0.825 54.000 0.821 48.000 0.899 48.000 0.962
108.000 0.839 60.000 0.834 54.000 0.904 54.000 0.966
120.000 0.852 66.000 0.848 60.000 0.907 60.000 0.971
132.000 0.862 72.000 0.855 66.000 0.910 66.000 0.975
144.0)0 0.872 84.000 0.867 72.000 0.913 72.000 0.980
156.000 0.879 96.000 0.875 78.000 0.916 78.000 0.984
168.000 0.884 108.0)0 0.882 84.000 0.919 84.000 0.987
180.000 0.889 120.000 0.887 90.000 0.922 90.000 0.990
192.000 0.893 132.000 0.890 96.000 0.923 96.000 0.993
204.000 0.898 144.000 0.893 102.000 0.925 102.000 0.996
216.000 0.903 156.000 0.896 108.000 0.926 108.000 0.999
840.000 1.000 540.000 1.000 320.000 1.000 120.000 1.0)0





















0.000 0.000 0.000 0.000 0.0000 0.000 0.000 0.000
12.000 0.063 12.000 0.071 12.000 0.077 12.000 0.077
24.000 0.184 24.000 0.218 24.000 0.247 18.000 0.171
36.000 0.306 36.000 0.359 36.000 0.407 24.000 0.272
48.000 0.399 48.000 0.462 48.000 0.549 30.000 0.373
60.000 0.468 60.000 0.538 54.000 0.617 36.000 0.476
72.000 0.520 72.000 0.601 60.000 0.680 42.000 0.582
84.000 0.563 84.000 0.656 66.000 0.741 48.000 0.690
96.000 0.600 96.000 0.705 72.000 0.795 54.000 0.791
108.000 0.630 108.000 0.747 78.000 0.838 60.000 0.870
120.000 0.656 120.000 0.783 84.000 0.873 66.000 0.920
132.000 0.682 132.000 0.814 90.000 0.899 72.000 0.951
144.000 0.704 144.000 0.842 96.000 0.919 78.000 0.966
156.000 0.724 156.000 0.865 102.000 0.932 84.000 0.972
168.000 0.742 168.000 0.885 108.000 0.944 90.000 0.978
180.000 0.758 180.000 0.901 120.000 0.957 96.000 0.980
192.000 0.772 192.000 0.915 132.000 0.964 102.000 0.982
204.000 0.786 204.000 0.928 144.000 0.968 108.000 0.983
216.000 0.787 216.000 0.941 156.000 0.972 114.000 0.984
840.000 1.000 630.000 1.000 420.000 1.000 210.000 1.000





















0.000 0.000 0.000 0.000 0.0000 0.0)0 0.000 0.000
12.000 0.194 12.000 0.212 6.000 0.115 6.000 0.150
24.000 0.419 18.000 0.373 12.000 0.297 12.000 0.368
36.000 0.554 24.000 0.502 18.000 0.473 18.0)0 0.561
48.000 0.631 30.000 0.601 24.000 0.618 24.000 0.721
60.000 0.685 36.000 0.682 30.000 0.736 30.000 0.838
72.000 0.726 42.000 0.745 36.000 0.823 36.000 0.904
84.000 0.757 48.000 0.790 42.000 0.872 42.000 0.935
96.000 0.781 54.000 0.824 48.000 0.899 48.000 0.952
108.000 0.804 60.000 0.848 54.000 0.916 54.000 0.961
120.000 0.822 72.000 0.879 60.000 0.926 60.000 0.968
132.000 0.834 84.000 0.895 66.000 0.934 66.000 0.973
144.000 0.846 96,000 0.907 72.000 0.940 72.000 0.977
156.000 0.857 108.000 0.916 78.000 0.944 78.000 0.981
168.000 0.866 120,000 0.923 84.000 0.948 84.000 0.983
180.000 0.874 132.000 0.930 96.000 0.952 90.000 0.986
192.000 0,882 144.000 0.935 108.00) 0.957 96.000 0.989
204.000 0.889 156.000 0.937 120.000 0.960 102.000 0.990
216.0)0 0.892 168.000 0.938 132.000 0.963 108.000 0.991
1050.000 1.000 630.000 1.000 330.000 1.000 120.000 1.000





















0.000 0.000 0.000 0.000 0.0000 0.000 0.000 0.000
18.000 0.034 18.000 0.054 18.000 0.060 18.000 0.121
24.000 0.057 24.000 0.094 24.000 0.118 24.000 0.218
36.000 0.130 36.000 0.206 36.000 0.265 30.000 0.323
48.000 0.221 48.000 0.324 48.000 0.420 36.000 0.432
60.000 0.306 60.000 0.429 60.000 0.575 42.000 0.547
72.000 0.375 72.000 0.525 72.000 0.717 48.000 0.667
84.000 0.433 84.000 0.617 84.000 0.817 54.000 0.768
96.000 0.483 96.000 0.689 90.000 0.854 60.000 0.846
108.000 0.528 108.000 0.747 96.000 0.881 66.000 0.897
120.000 0.567 120.000 0.792 102.000 0.906 72.000 0.932
132.000 0.601 132.000 0.828 108.000 0.924 78.000 0.950
144.000 0.631 144.000 0.857 114.000 0.938 84.000 0.959
156.000 0.656 156.000 0.882 120.000 0.947 90.000 0.966
168.000 0.679 168.000 0.898 126.000 0.953 96.000 0.970
180.000 0.698 180.000 0.913 132.000 0.959 102.000 0.973
192.000 0.716 192.000 0.926 144.000 0.968 108.000 0.974
204.000 0.734 204.000 0.939 156.000 0.973 114.000 0.976
216.000 0.751 216.000 0.952 168.000 0.978 120.000 0.978
1050.000 1.000 630.000 1.000 420.000 1.000 210.000 1.000
APPENDIX B
CONVERSION OF BITUMEN VERSUS TEMPERATURE 















































































0.0 598 598 598
0.1 634 650.5 672
0.2 653 669 690
0.3 665.5 682 701
0.4 674 691 710
0.5 681 698 716
0.6 687 704 723
0.7 694 710.5 730
0.8 701 719 736
0.9 712 729 745
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1 0 0 0 / T ( l / K )
1000 /T  ( 1 / K )
1 0 0 0 / T ( 1 / K )
APPENDIX D
ANALYTICAL SOLUTIONS OF THE COUPLED SECOND-ORDER 
PARTIAL DIFFERENTIAL EQUATIONS
Introduction
The retorting process is an effective method for the surface recovery of bitumen- 
derived hydrocarbon liquids from tar sands. In the retort, the tar sand is rapidly heated 
to the pyrolysis temperature. A sequence of physical and chemical events takes place 
as the bitumen-impregnated sand grains are heated from the ambient, inlet temperature 
to the final fluidized-bed pyrolysis temperature. The initial physical process involves the 
vaporization of the low molecular weight volatile components of the bitumen in the 
absence of coking or thermal cracking. This phase of the sequence takes place as 
the particle heats to approximately 573 K and may involve upwards of 50 percent by 
weight of the original bitumen within the particle. The rapid vaporization of the volatile 
components of the bitumen into the restricted vapor space of the pores of the particle 
causes a pressure increase within the particle. The pressure differential between the 
interior of the particle and the bulk fluid phase exterior to the particle will give rise to 
convective transport of the vaporized species. Above 600 K, particle temperatures are 
attained at which the nonvolatile components of the bitumen decompose to lower 
molecular weight hydrocarbon species. These produced hydrocarbon species are 
vaporized, transported to the outer surface of the sand particle, and swept out of the 
reactor by the fluidizing gas which may be an inert gas such as nitrogen or steam or 
by the recycled offgas from the combustion of the carbonaceous residue on the spent 
sand. The nonvolatiles decomposition-vaporization sequence will occur at a lower rate 
than the volatiles vaporization rate; thus, the pressure differential between the interior 
of the particle and the bulk fluid phase exterior to the particle would approach zero, and 
diffusive transport would dominate.
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In this analysis, the pyrolysis reaction accompanied by the diffusive transport of 
the vapor phase bitumen-derived hydrocarbon products formed the basis for the model, 
while the effect of the vaporization of volatile components accompanied by bulk flow 
of these species to the external surface has been assumed to be negligible above 600 
K to a first approximation.
Problem Formulation 
The bitumen pyrolysis reaction network for bitumen which remains in contact 
with the sand matrix in its natural state is extremely complex. The following reaction 
network is proposed as a realistic and yet amenable model of the system for 




It is assumed that four "classes" of hydrocarbon species are assumed to comprise the 
products of the pyrolysis reactions: light gas (G), light oil (L), heavy oil (H), and a 
carbonaceous residue (C).
Although the convective flow of heavy oil, light oil, and gas could dominate, the 
equations with second-order derivatives as the transport driving force are solved as a 
reference. The isothermal condition and first-order reaction scheme were assumed.
The differential material balance equations are;
aC8/at = -(k8G + kBL + kBH + kBC) CB (D.1)
aCH/d\ = Dh v*Ch + kBHCB - (kHL + kHG + kHC)CH (D.2)
aCL/at = v2 Cl  + kBLCB + kH£Cw - kLQCL (D.3)
aCg/at = Dg + kBGCB + kLGCL + kHGCH (D.4)
dCc!d% = kecCe + kHCCH. (D.5) 
The initial conditions are as follows:
t =  0 ;  C e  =  C g 0 , Ch  =  C L  =  C Q  =  Cc =  0  (D.6) 
and the boundary conditions are:
r __ o* acw/ar = aC^/ar = aCQ/ar = o (D.7)
r = R; CH = CL = CG = 0. (D.8) 
The analysis was simplified by defining the following dimensionless variables:
k1 = kBG + kBL + kBH + ke c  (°-9)
r =  kf t (D.10)
Uy = C/ CS0 0 = B, H, L, G, C) (D.11)
X = r/R (D.12)
= R*k7/Dy. (j = H, L, G) (D.13)
f t  = W k7
^2 = (kHL + kHG + kAYC^ k7 (D.15)
f  3  = kB f/kt (D.16)
/ 4 = W k7 (°-17)
fs  ~ ^LG^ 1  (D-18)
f 6  = kBG^k7 (D.19)
$ 7  = kAVG^k7 (D.20)
f  8  = kSC/k7 (D-21)
/g  = kHc/kr  (D.22)
In terms of dimensionless variables and parameters, equations D.1 through D.5 
become:
a\JB/dr = -Us (D.23)
3U^y/3r = (1 f  1^B ' i 2 ^H (D.24)
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sut /a, = (1/*L2) V2^  + f 3Ug + f 4 U „ - f 5 UL (D.25)
aUg/Sr = (1 Mg2) ^ U q  + / 6UB + f 5 UL + f 7UH (D.26)
aUc/8r — fgUB  +  (D-27)
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where
v2 = (1/x2) a/ax (x2 a/ax). (D.28) 
The dimensionless initial conditions are:
r = 0; Ufi = 1, UH = UL = UG = Uc = 0 (D.29) 
and the dimensionless boundary conditions are:
x = 0; aUw/ax = aUL/ax = aUg/ax = o (D.30)
x = 1; Uw = UL = UQ = 0. (D.31)
Solutions to the Partial Differential Equations 
The above differential equations were solved analytically using finite integral 
transform technique.9 6 ,1 2 1 ' 12 3
The transform of Uj is given by:
-  1 2
Uj  = f  x Uj Kn(x) dx (D' 32)
where x2 is the weighting function for the spherical coordinate; Kn(x) is the kernel of 
the transformation and is given by:
Kn(x) = sin(Anx)/x. (D.33)
The parameter xn is the eigenvalue corresponding to the function Kn(x) and is given 
by:
\ n = n tt; (n = 1, 2, 3..... «.). (D.34)
The solutions are:
Ue = exp(-r) (D.35)
240
- 1 / ilU x )
-  1C (H- l )  [ exP ( ' r ) '  exP( - ) ]  (D.36)
to T K n ( x )  / . /
L " n 1 Knn=l n
r_ L V J _  r exp( - r ) -exp( -Lr )  exp(-Hr)-exp(-Lr)  ,
1 H -l L L - l '  L-H J
+ L- l  [ exp ( - r ) - exp( -L r ) ] }  (D.37)
• 1Kn(x) h h  , exp(-T)-exp(-Gr) exp(-HT)-exp(-GT) ,
G “  z. K <■ H-l L G-l G-H Jn=l n
^lA -^5 r exp(-r)-exp(-Gr)  exp(-Lr) -expf-Gr) n
+ ( H - l ) ( L - l )  L G-l " G-L J
r exp(-Lr)-exp(-Gr) expt-HiO-expf-Gr)-.
+ (H-l )(L-H) 1 G-L ‘  G-H “
hhh
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r eXDf-r)-eXP(-Gr) eXD(-Lr)-eXDf-Gr) ■, 
L c_ i  '  e _ i JT L- l 1 G-l G-L
/ f i
+ - g j-  [exp(-r)-exp(-Gr)]} (D.38)
uc - [1 ' SXP('t) ' .1 + /8[l exp(-T)] (D.39)
where
1 - I  x (l)Kn(x) dx = -cosAn/An (D.40)
K = J x2K 2dx = 1/2 (D.41)
n 0
H = An2/0H2 + h  (D.42)
L = K2/*l + /s (D.43)
G = KZ/HZ- (D. 44)
Production Rate
The mass production rate of species j {j = H, L, G) per unit volume of the bulk 
tar sand is:
•4, R D.(aC./ar|D)..............  I..... J-....... ....
4 /3 t R3
u = --------- J---— K _ _  = -(3/R) D-(aC./ar) I R. (D.45)
J &/■> _ D J J K
The mass of the jth species transported across the exterior surface of the particle per 
unit volume of the bulk tar sand is given by:
t  t  
W. = S M.dt = (3/R) D. f  ( a c . /a r ) |R dt .  (D.46)
J 0  J J 0  J n
In terms of dimensionless variables and parameters, the mass of species j evolved per 
initial mass of bitumen is given by:
Wj -  Wj/CB0 -  ( 3 / , j 2) J ( -aU j /axJ I j  dr .  (D.47)
The mass evolution of heavy oil, light oil, and light gas per unit mass of native bitumen 
are obtained through equation D.47:
WH = (6 /*h2) j  - j j L -  { l - e x p ( - r ) -  1 '  } (0.48)
n=l
“ l - j ,  t (H-i?(L-l) n -exp(- r ) -  1 - 7 (- U )  1
h h  r 1 - expf-Hr) 1 - expf-Lr)  ,
" (H-l)(L-H) 1 H " L J
+ ...- [1 - exp(-r) - 1 ~ expC-lT ) ] )  (D.49)
WG = (6/#G2) { (H - l j (G- l )  [1 '  exp( " r)  ‘  GT) ]
___M l ....... r 1 - exp(-Hr) 1 - exp(-Gt ) 1




______W s _______  r ,  . . 1 - exp(-G>) 1
(H-1)(L-1) (G- l )  11 exp( ' '  G J
______  r 1 - exp(-L-r) 1 - exp(-Gr)
(H-1)(L-1)(G-L) L L '  G
h h h  x 1 - expf-Lr)  1 - expf-Gr)
(H-l )(L-H)(G-L) L L " G
^ l/4 ^ 5 ______  r 1 - expf-Hr) 1 - exp(-Gr) ,
(H- l) (L-H)(G-H) L H " G J
, ... / 3/ 4/ 5 r i -exof-T^ - .l .r exp(-Gr) ,
+ (L - l ) (G - l )  11 eXp* G J
T 1 - expf-Lf )  1 - exp(-Gr) 
( L - l ) (6 -L )  1 L '  G
+ - ^ r  [l-exp(-r) - 1 -..egP(-Gr) ]}j (D 50)
The overall mass balance can be obtained by adding all the dimensionless material 
balance equations (equations D.23 through D.27) to eliminate the kinetic reaction terms. 
The final result is:
5
S a U j/d r  =  (1 % 2) V2^  +  (1% 2) V2^  + (1 % 2) V2UQ (D.51)
j=1
where j = 1,5 represents heavy oil, light oil, gas, bitumen, and coke, respectively. 
Multiplying this expression by x*dx and integrating with respect to x yields:
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5 1 3
d/8r s J x2Uj dx = s ( l / # j 2) ( -aUj/ax) | x. 
j = l  o j = l
(D.52)
If we multiply equation D.52 by 3dr and integrate with respect to r, we obtain:
Finally, substitution of equation D.47 into equation D.53 gives the overall material 
balance:
This expression indicates that the amount of all five species within the particle plus 
the amount of heavy oil, light oil, and light gas evolved at any time must be equal to 
the initial amount of bitumen, which is unity in the dimensionless form.
The amount of carbonaceous residue accumulated inside particles on the 
surface of the sand grains per unit mass of bitumen is obtained as:
5 1 3 T
3
j = l  o
J x2Ujdx + > ( 3 / * / )  J (-aUj/ax) | x dr -  1. (D.53)
 j= l  o
5 1
3 z J x2lLdx + WH + WL + WG = 1.
j= l  o
(D.54)
1 2 *
3 f  x U dx = s 1 c „o n=
-  — [ l - e x p ( - r )  
l (Anj in -1 )
1-expf-Hr) ] + / 8 [ l -e x p ( - r ) ] . (D .5 5 )
Discussion
The following conclusions were drawn from the above analysis.
1. At a constant particle size, the model predicts that the heavy oil yield 
decreases with increasing pyrolysis temperatures, whereas the gas yield increases with
increasing pyrolysis temperatures. The light oil and coke yields remain relatively 
unchanged as the pyrolysis temperature increased,
2. At fixed pyrolysis temperatures above 600 K, the model predicts that the 
heavy oil yield decreases and the gas yield increases as the particle diameter increases. 
The light oil and coke yields were relatively insensitive to the particle diameter at 
constant temperature.
3, The influence of temperature and particle size on the product distribution 
would be less significant for small particles.
245
REFERENCES
1. Gates, D.M., Energy and Ecology, Sinauer Associates Inc., Sunderland, 
Massachusetts, 1985,
2. Schumacher, M.M., ed., Heavy Oil and Tar Sands Recovery and Upgrading, 
Noyes Data Corporation, Park Ridge, New Jersey, 1982.
3. International Energy Annual 1987, DOE/EIA-O219 (87), Government Printing Office, 
Washington, D.c., 1986.
4. Berkowitz, N,, An Introduction to Coal Technology, Academic Press, New York,
1979.
5. Duncan, D.C., and Swanson, V.E., "Organic-Rich Shale of the United State and 
World Land Areas,1 U.S. Geological Survey Circular 523, Government Printing 
Office, Washington, D.C., 1965.
6. Culbertson, W.C., and Pitman, J.K., "Oil Shale," United States Mineral Resources, 
U.S. Geological Survey Paper 820, Government Printing Office, Washington, D.C., 
1973.
7. Shnidman, L., "Utilization of Coal Gas," in "Chemistry of Coal Utilization Vol. II," 
Lowry, H.H., Ed„ Wiley, New York, 1945, p. 1252-1286.
8. Storch, H.H., "Hydrogenation of Coal and Tar," in "Chemistry of Coal Utilization, 
Vol. II," Lowry, H.H., Ed., Wiley, New York, 1945, p. 1750-1796.
9. Storch, H.H., "Synthesis of Hydrocarbons from Water Gas," in "Chemistry of Coal 
Utilization, Vol. II.," Lowry, H.H., Ed., Wiley, New York, 1945, p. 1797-1845.
10. Donath, E.E., "Hydrogenation of Coal and Tar," in "Chemistry of Coal Utilization, 
Supplementary Volume," Lowry, H.H., Ed., Wiley, New York, 1963, p. 1041-1088.
11. Storch, H.H., Ed., "Synthetic Liquid Fuels from Hydrogenation of Coal Monoxide," 
U.S. Bureau of Mines Technical Paper 709. Government Printing Office, 
Washington, D.C., 1948.
12. Probstein, R.F., Synthetic Fuels, McGraw-Hill Book Co., New York, 1982.
13. Prien, C.H., "Survey of Oil Shale Research in the Last Three Decades," in "Oil 
Shale," Yen, T.F., and Chilingarian, G.V., Eds., Elsevier, New York, 1976.
247
14. Baughman, G.L., Compiler, Synthetic Fuels Data Handbook. 2nd ed,, Cameron 
Engineers, Inc., Denver, Colorado, 1978.
15. Major Tar Sand and Heavy Oil Deposits of the United States, publ. by the 
Interstate Oil Compact Commission, January, 1984.
16. Schumacher, M.M., Ed., Heavy Oil and Tar Sands Recovery and Upgrading. Part
H, Noyes Data Corp., Park Ridge, New Jersey, 1982.
17. Bowman, C.W., and Carrigy, M.A., "World-Wide Oil Sand Reserves," in 'The 
Future Supply of Nature-Made Petroleum and Gas," Meyer, R.F., Ed., Pergamon 
Press, New York, 1977, p. 732-738.
18. Demaison, G.J., 'Tar Sand and Supergiant Oil Fields," Amer. Assn. of Petrol. 
Geol. Bull., (1977), 61 (11), 1950.
19. Oblad, A.G., Bunger, J.W., Hanson, F.V., Miller, J.D., Ritzma, H.R., and Seader, 
J.D., 'Tar Sand Research and Development at the University of Utah," Ann. Rev. 
Energy, (1987), 12, 283.
20. Camp, F.W., 'Tar Sands," Kirk-Othmer Encyclopedia of Chemical Technology. 
Vol. 22. 3rd ed., Interscience Publishers, New York, 1982, p. 601 -627.
21. Camp, F.W., The Tar Sands of Alberta. Canada. 2nd ed., Cameron Engineers, 
Inc., Denver, Colorado, 1974.
22. Campbell, J.A., "Oil-Impregnated Sandstone Deposits of Utah," Utah Geological 
and Mineraloqical Survey. Reprint 99. 1975.
23. Glassett, J.M., and Glassett, J.A., 'The Production of Oil from Intermountain West 
Tar Sand Deposits," Final Report, U.S. Bureau of Mines, Contract No. SO 
241129, 1976.
24. Misra, M., "Physical Separation of Bitumen from Utah Tar Sands," Ph.D. 
Dissertation, University of Utah, Salt Lake City, Utah, 1981.
25. Campbell, J.A., "Oil-Impregnated Sandstone Deposits of Utah," Mining 
Engineering, (1975), 27 (5), 47.
26. Wood, R.E., and Ritzma, H.R., "Analysis of Oil Extracted from Oil-Impregnated 
Sandstone Deposits in Utah," Utah Geological and Mineralogical Survey: Special 
Studies 39. January, 1972.
27. Hanson, F.V., Personal Communication from Ritzma, H.R., February, 1988.
248
28. Marchant, L.C., and Johnson, L.A., "U.S. Energy Research and Development 
Administration Tar-Sand Research-Update," in 'The Oil Sands of Canada- 
Venezuela, 1977," Redford, D A , and Winestock, A.G., Eds., Can. Inst. Mining 
and Metallurgy, Special Volume 17, 1977, p. 520-524.
29. Johnson, L A , Fahy, L.J., Thornton, M.W., Romanowski, Jr., L.L., and Marchant, 
L.C., "Oil Recovery from Utah Tar Sand Deposit by In Situ Combustion," 
Proceedings, Fourth DOE Symposium on Enhanced Oil and Gas Recovery and 
Improved Drilling Methods. Tulsa, Oklahoma, August, 1978, p. D-6/1-16.
30. Dorrence, S.M., Thomas, K.P., and Barbour, R.V., "In-Situ Recovery Experiments 
in the Northwest Asphalt Ridge (Utah) Tar Sand Deposit," Symposium of 
Production. Processing and Characterization of Heavy Oils. Tar Sand Bitumens. 
Shale Oils and Coal-Derived Liguids. Salt Lake City, Utah, October 27-30, 1981.
31. McIntyre, H., "Imperial Plans Giant Syncrude Works,'1 Can. Chem. Proc., (1977), 
61 (12), 25.
32. Mungen, R., and Nicholls, J.H., "Recovery of Oil from Athabasca Oil Sands and 
from Heavy Oil Deposits of Northern Alberta by In Situ Methods," Proc. 9th World 
Petrol. Conor.. 5, 1975, p. 29-39.
33. Oshlo, E.L., "Conoco’s South Texas Tar Sands Project: Past, Present, and 
Future," Symposium of Production. Processing and Characterization of Heavy 
Oils. Tar Sand Bitumens. Shale Oils and Coal-Derived Liquids. Salt Lake City, 
Utah, October 27-30, 1981.
34. Clark, K.A., "Hot Water Separation of Alberta Bituminous Sands," Tarns. Can. Inst. 
Min. Met., (1944), 47, 257.
35. Hatfield, K.E., Oblad, A.G., and Miller, J.D., "Pilot Plant Processing of Oil-Wet Tar 
Sands, Seventh Symposium of the Rocky Mountain Fuel Society. Salt Lake City, 
Utah, February, 1982.
36. Aguilar-Hernandez, R.I., "The Importance of Bitumen Viscosity Control in the Hot 
Water processing of Utah Tar Sands," M.S. Thesis, University of Utah, Salt Lake 
City, Utah, 1982.
37. Hupka, J., Miller, J.D., and Oblad, A.G., "Diluent-Assistant Hot-Water Processing 
of Tar Sands," AOSTRA Journal of Research, (1987), 3, 95.
38. Tis, D.J., "The Dravo Solvent Extraction Process for Tar Sand-Update," WRI-DOE 
Tar Sand Symposium. Vail, Colorado, June 26-29, 1984.
39. Moreshar-Jayakar, K., "The Thermal Recovery of Oil from Tar Sands," Ph.D. 
Dissertation, University of Utah, Salt Lake City, Utah, 1979.
249
40. Dorius, J.C., 'The Fluidized-Bed Pyrolysis of PR Spring Tar Sand," Ph.D. 
Dissertation, University of Utah, Salt Lake City, Utah, 1984.
41. Venkatesan, V.N., "Fluidized Bed Thermal Recovery of Synthetic Crudes from 
Bituminous Sands of Utah,'1 Ph.D. Dissertation, University of Utah, Salt Lake City, 
Utah, 1980.
42. Wang, J., "The Production of Hydrocarbon Liquids from a Bitumen-Impregnated 
Sandstone in a Fluidized Bed Pyrolysis Reactor," M.S. Thesis, University of Utah, 
Salt Lake City, Utah, 1983.
43. Barton, D.C., 'Transformation of Petroleum in Nature," J. Inst. Petroleum, (1934),
20, 206.
44. Seyer, W.F., "Conversion of Fatty and Waxy Substances into Petroleum 
Hydrocarbons," Amer. Assoc. Pet. Geol. Bull., (1933), 17, 1251.
45. Bailey, N.L.J., Jobson, A.M., and Roger, M.A., "Bacterial Degradation of Crude 
Oil: Comparison of Field and Experimental Data," Chemical Geology, (1973), J_l, 
202,
46. Rubinstein, I., and Strausz, O.P., ‘The Biodegradation of Crude Oil: the Origin 
of the Alberta Oil Sands," in Oil Sand and Oil Shale Chemistry," Strausz, O.P. 
and Lown, E.M., Eds., Verlag Chemie International Inc., New York, 1978.
47. Jordine, D., "Cretaceous Oil Sands of Western Canada," in "Oil Sands: Fuels of 
the Future," Hill, L.V., Ed., Can. Soc. of Petrol. Geologists, 1974, p. 56-67.
48. Gutierrez, F.J., Vasquez, E,, and Santos, A.C., "Formation of Crude Oil 
Characteristics of Oil Reservoirs in the Orinoco Petroleum Belt as Related to the 
Geology," in 'The Oil Sands of Canada-Venezuela 1977," Redford, D.H., and 
Wienstock, A.G., Eds., Can. Inst. Mining and Metallurgy, Special Volume 17, 
1977, p. 69-77.
49. Ball, D., Marchant, L.C., and Goldberg, A., Eds., The IOCC Monograph Series: 
Tar Sands, publ. by the Interstate Oil Compact Commission, August, 1982.
50. Breger, I.A., "Geochemical Considerations Regarding the Origin of Heavy Crude 
Oils: Suggestions for Exploration," in 'The Future of Heavy Crude Oils and Tar 
Sands," Meyer, R.F., and Steele, C.T., Eds., McGraw-Hill Book Co., New York, 
1981.
51. Ritzma, H.R., "Commercial Aspects of Utah’s Oil-Impregnated Sandstone 
Deposits," Interstate Oil Compact Commission Committee Bull., (1975), XV, 2.
52. Hanson, F.V., Personal Communication from Ritzma, H.R., 1988.
250
53. Martinez, A.R., "Report of Working Group on Definitions," in 'The Future of Heavy 
Crude Oils and Tar Sands," Meyer, R.F., and Steele, C.T., Eds., McGraw-Hill 
Book Co., New York, 1984.
54. Altringer, P.B., McDonough, P.J., and Brooks, P.T., "Characterization and 
Beneficiation of Bitumen-free Domestic Tar Sands," publ. by U.S. Bureau of 
Mines, September, 1982.
55. Shea, G.B., and Higgins, R.V., "Separation and Utilization Studies of Bitumens 
from Bituminous Sandstones of the Vernal and Sunnyside Utah Deposits," U.S. 
Bureau of Mines, Report of Investigation 4871, 1952.
56. X-ray Diffraction Analysis Performed by Audie King at Research Center, U.S. 
Bureau of Mines, Salt Lake City, Utah, 1987.
57. Toyle, T.D., "Silica," Kirk-Qthmer Encyclopedia of Chemical Technology. Vol. 20. 
3rd ed., Interscience Publishers, New York, 1982, p. 748-766.
58. Bunger, J.W., "Processing of Utah Tar Sand Bitumen," Ph.D. Dissertation, 
University of Utah, Salt Lake City, Utah, 1978.
59. Sepulveda, J.E., "Hot Water Separation of Bitumen from Utah Tar Sands," M.S. 
Thesis, University of Utah, Salt Lake City, Utah, 1977.
60. Carrigy, M.A., 'The Significance of a Grain Size Classification of the Sands of the 
McMurry Formation, Alberta," Proceedings. Fifth World Petroleum Congress. 
Section 1, 1959, p. 575-590.
61. Marchant, L.C., Johnson, L.A., and Cupps, C.O., "Properties of Utah Tar Sands - 
Three Mile Canyon Area, P.R. Spring Deposit," U.S. Bureau of Mines, Report of 
Investigation 7923, 1974.
62. Connate Water Content determined by Carl Fisher Titration, Analysis Performed 
by Galbraith Laboratory, Tennessee.
63. Camp, F.W., "Processing Athabasca Tar Sands - Tailing Disposal," Twenty-sixth 
Canadian Chemical Engineering Conference. Toronto, Ontario, Canada, October
6, 1976.
64. Shun, D., 'The Fluidized-Bed Pyrolysis of Bitumen-Impregnated Sandstone from 
the Circle Cliffs (Utah) Deposit," Ph.D. Dissertation in Preparation, University of 
Utah, Salt Lake City, Utah, 1988.
65. Miller, J.D., Personal Communication, February, 1988.
251
66. Cortes, A., Hupka, J., Miller, J.D., and Oblad, A.G., "Chemical Properties of 
Bitumen and Sand in Tar Sand Hot Water Processing," Seventh Symposium of 
the Rocky Mountain Fuels Society. Salt Lake City, Utah, February 18-19, 1982.
67. Keyser, R.B., "Bituminous Sandstone Deposits, Asphalt Ridge," Utah Geological 
and Mineraloaical Survey: Special Studies 19. December, 1966.
68. Speight, J.G., and Moschopedis, S.E., 'The Influence of Crude Oil Composition 
on the Nature of the Upgrading Process: Athabasca Bitumen," in 'The Future of 
Heavy Crude Oils and Tar Sands," Meyer, R.F., and Steele, C.T., Eds., McGraw- 
Hill Book Co., New York, 1981.
69. Starr, J., and Prats, J.M., "Chemical Properties and Reservoir Characteristics of 
Bitumen and Heavy Oil from Canada and Venezuela," in 'The Future of Heavy 
Crude Oils and Tar Sands," Meyer, R.F., and Steele, C.T., Eds., McGraw-Hill 
book Co., New York, 1981.
70. Bitumen Viscosity Determined by Robert Burkett in the Department of Fuels 
Engineering, University of Utah, Salt Lake City, Utah.
71. Wang, C.J., "The Solubility of Carbon Dioxide in Tar Sand Bitumens," M.S. 
Thesis, University of Utah, Salt Lake City, Utah, 1984.
72. Carrigy, M.A., 'The Physical and Chemical Nature of a Typical Tar Sand: Bulk 
Properties and Behavior," Proceedings. Seventh World Petroleum Congress. 3, 
1967.
73. Strausz, O.P., "Some Recent Advances in the Chemistry of Oil Sand Bitumen," 
in ’The Future of Heavy Crude Oils and Tar Sands," Meyer, R.F., and Steele,
C.T., Eds., McGraw-Hill Book Co., New York, 1981.
74. Yen, T.F., "Characterization of Heavy Oil," in The Future of Heavy Crude Oils and 
Tar Sands," Meyer, R.F., and Steele, C.T., Eds., McGraw-Hill Book Co., New 
York, 1984.
75. Udell, K.S., "Heat and Mass Transfer in a Cmbustion Oil Shale Retort," Ph.D. 
Dissertation, University of Utah, Salt Lake City, Utah, 1980.
76. Hubbard, A.B., and Robinson, W.E., 'Thermal Decomposition Study of Colorado 
Oil Shale," U.S. Bureau opf Mines, Report of Investigation 4744, 1950.
77. McKee, R.A., and Lyder, E.E., "The Thermal Decomposition of Oil Shale. I. Heat 
Effects," Ind. Eng. Chem., (1921), 13, 613.
78. Franks, A.J., and Goodier, B.D., "Preliminary Study of the Organic Matter of 
Colorado Oil Shale," Quart. Colo. Sch. Mines, (1922), 17 (4), Suppl. A.
252
79. Cane, R.F., 'The Mechanism of the Pyrolysis of Torbanite: Oil Shale and Cannel 
Coal, London," Inst. Petroleum, (1951), 2, 592.
80. Allred, V.D., "Kinetics of Oil Shale Pyrolysis," Chem. Eng. Progr., (1966), 62, 55.
81. Braun, R.L., and Rothman, "Oil Shale Pyrolysis; Kinetics and Mechanism of Oil 
Production," Fuel, (1975), 54, 129.
82. Johnson, W.F., Walton, D.K., Keller, H.H., and Couch, E.J., "In Situ Retorting of 
Oil Shale Rubble: A Model of Heat Transfer and Product Formation in Oil Shale 
Particles," Quart. Colo. Sch. Mines, (1975), 70 (3), 237.
83. Fausett, D.W., George, J.H., and Carpenter, H.C., "Second Order Effects in the 
Kinetics of Oil Shale Pyrolysis," U.S. Bureau of Mines, Report of Investigation 
7889, 1974.
84. Wallman, P.H., Tamm, P.W., and Spars, B.G., "Oil Shale Retorting Kinetics," in 
"Oil Shale, Tar Sand, and Related Materials," Stauffer, H.C., Ed., Washington, 
D.C., American Chemical Society, 1981.
85. Haddadin, R.A., and Tawarah, K.M., "DTA Derived Kinetics of Jordan Oil Shale," 
Fuel, (1980), 59, 539.
86. Campbell, J.H., Koshinas, G.H., and Stout, N.D., "Kinetics of Oil Generation from 
Colroado Oil Shale," Fuel, (1978), 57, 372.
87. Shih, S.M., and Sohn, H.Y., "Nonisothermal Determination of the Intrinsic Kinetics 
of Oil Generation from Oil Shale," Ind. Eng. Chem., Process Des. Dev., (1980),
19, 420.
88. Granoff, B., and Nuttall, H.E., "Pyrolysis Kinetics for Oil Shale Particles," Fuel, 
(1977), 56, 539.
89. Shih, S.M., and Sohn, H.Y., "A Mathematical Model for the Retorting of a Large 
Block of Oil Shale: Effect of the Internal Temperature Gradient," Fuel, (1978), 57, 
622.
90. Crowl, D.A., and Piccirelli, R.A., 'Transport Processes in Pyrolysis of Antrim Oil 
Shale," Energy Communciation, (1979), 5 (6), 425.
91. Wang, Y., and Lee, S., "A Single Particle Model for Pyrolysis of Oil Shale," Fuel 
Sci. & Tech. In ti, (1986), 4 (4), 447.
92. Friedman, H.L., "Kinetics of Thermal Degradation of Char-Forming Plastics from 
Thermogravimetry. Application to a Phenolic Plastic," J. Polym. Sci,, (1965), C6, 
183.
253
93. Campbell, J.H., Koshinas, G.H., and Stout, N.D., "Oil Shale Retorting: Effects of 
Particle Size and Heating Rate on Oil Evolution and Intraparticle Oil Degradation," 
In Situ, (1978), 2 (1), 1.
94. Fan, L.S., Fan, L.T., Tojo, K., and Walawender, W.P., "Volume Reaction Model 
for Pyrolysis of a Single Solid Particle Accompanied by a Complex Reaction," 
Can. J. Chem. Eng., (1977), 56, 603.
95. Do, D.D., "Modeling of Oil Shale Pyrolysis in a Fluid-Bed Retort," Fuel Proc. 
Tech., (1985), 10, 57.
96. Albright, L.F., and Crynes, B.L., "Industrial and Laboratory Pyrolysis," ACS 
Symposium Series 32. Amer. Chem. Soc., Washington, D.C., 1976.
97. McNab, J.G., Smith, P.V., Jr., and Betts, R.L., 'The Evolution of Petroleum," Ind. 
Eng. Chem., (1952), 44 (11), 2556.
98. Speight, J.G., 'Thermal Cracking of Athabasca Bitumen, Athabasca Asphaltenes, 
and Athabasca Deasphalted Heavy Oil," Fuel, (1970), 49, 134.
99. Hayashitani, M., Bennion D.W., Donnelly, J.K., and Moor, R.G., 'Thermal Cracking 
of Athabasca Bitumen," in The Oil Sands of Canada-Venezuela 1977. Redford,
D.A., and Winestock, A.G., Eds., Vol. 17, The Canadian Institute of Mining and 
Metallurgy, 1977, p. 233-247.
100. Barbour, R.V., Dorrence, S.M., Vollmer, T.L., and Harris, J.D., "Pyrolysis of Utah 
Tar Sand Products and Kinetics," 172nd National Mta. Am. Chem. Soc.. San 
Francosco, Vol. 21, p. 279-289.
101. Lechner, C.A., "Kinetics and Reactor Design in the Pyrolysis of Tar Sand," Ph.D. 
Dissertation, University of Missouri, Rolla, MO, 1985.
102. Turner, T.F., and Nickerson, L.G., "Pyrolysis of Asphalt Ridge T ar Sand," U.S. 
Department of Energy, Report of Investigation DOE/FE/60177-2315, 1986.
103. Dockter, L., "Combustion of Oil-Shale Carbon Residue," AlChE Symp. Ser., 72, 
No. 155, 1976, p. 24.
104. Dockter, L., Turner, T.F., "Combustion Rates for Oil Shale Carbonaceous 
Residue," In Situ, (1978), 2, 197.
105. Mallon, R.G., and Braun, R.L., "Reactivity of Oil Shale Carbonaceous Residue 
with Oxygen and Carbon Dioxide," Proc. 9th Oil Shale Symp., Quart. Colo. Sch. 
Mines, (1976), 71 (4), 309.
106. Kim, S.K., and Sohn, H.Y., 'The Oxidation of Carbonaceous Residue Dispersed 
in Porous Retorted Oil Shale," AlChE J., (1985), 31 (5), 860.
254
107. Sohn, H.Y., and Kim, S.M., "Intrinsic Kinetics of the Reaction between Oxygen 
and Carbonaceous Residue in Retorted Oil Shale," Ind. Eng. Chem. Process Des. 
Dev., (1980), 10, 550.
108. Kim, S.K., and Sohn, H.Y., "Nonisothermal Analysis of the Oxidation Kinetics of 
Oil Shale Carbonaceous Residue," Chem. Eng. Commun., (1984), 27, 255.
109. Instruction Manual: 990 Thermal Analyzer and Modules, document produced by 
Publications, Du Pont Instruments, Wilmington, DE.
110. Levenspiel, O., "Chemical Reaction Engineering," 2nd ed., John Wiley & Sons, 
Inc., New York, 1972.
111. Coates, A.W., and Redferm, J.P., "Kinetic Parameters from Thermogravimetric 
Data," Nature (London), (9164), 201. 68.
112. Spiegel, M.R., Mathematical Handbook of Formulas and Tables. McGraw-Hill 
Book Co., New York, 1968.
113. Carberry, J.J., Personal Communcation, July 23, 1984.
114. Braun, R.L., Burnham, A.K., "Analysis of Chemical Reaction Kinetics Using a 
Distribution of Activation Energies and Simpler Models," Preprint, Energy & Fuels, 
September 12, 1986.
115. Freeman, E.S., and Carroll, B., “The Application of Thermoanalytic Techniques 
to Reaction Kinetics. The Thermogravimetric Evaluation of the Kinetics of the 
Decomposition of Calcium Oxalate Monohydrate," Phy. Chem., (1958), 62, 394.
116. Thermogravimetric Analysis Performed by Young-seung Yun at Research Park, 
University of Utah, Salt Lake City, Utah, 1987.
117. Skinner, F.D., and Smoot, L.D., "Heterogeneous Reactions of Char and Carbon," 
in "Pulverized-Coal Combustion and Gasification," Smoot, L.D., and Pratt, D.T., 
Eds., Plenum Press, New York, 1979.
118. Singer, S., Pulverized Coal Combustion. Noyes Publications, Park Ridge, New 
Jersey, 1984.
119. Prado, G., Froelich, D., and Lahaye, J., "Heterogeneous Combustion of Residual 
Coke Particle," in "Fundamentals of the Physical-Chemistry of Pulverized Coal 
Combustion," Lahaye, J., and Prado, G., Eds., Kluwer Academic Publishers, 
Hingham, Massachusetts, 1987.
120. Sneddon, I.N., Fourier Transforms. McGraw-Hill Book Co., New York, 1951.
121. Sneddon, I.N., The Use of Integral Transforms. McGraw-Hill Book Co., New York, 
1972.












First Tainan Senior High School
Tainan, Taiwan
1971-1974
Chung Yuan University 
Chungli, Taiwan
1974-1978
B.S., Chemical Engineering 









Salt Lake City, Utah, U.S.A.
December, 1988
Research Assistant
Fuels Engineering, University of Utah
Salt Lake City, Utah
1983-1988
Teaching Assistant








1. "A Preliminary Mathematical Model for the Pyrolysis of 
Bitumen-Impregnated Sandstone in a Fluidized Bed," 
L.C. Lin, F.V. Hanson, and A.G. Oblad, Proceedings 
1986 WRI-DOE Tar Sands Symposium.
2. “A Mathematical Model for the Pyrolysis of Bitumen- 
Impregnated Sandstone in a Fluid-Bed Retort," L.C. 
Lin, F.V. Hanson, and A.G. Oblad, presented at the 
11th Symposium of the Rocky Mountain Fuel Society, 
February 26, 1987.
3. 'The Pyrolysis of Bitumen-Impregnated Sandstone in 
Short-Contact Time Reactors. I. Pyrolysis Cyclone 
Reactor," L.C. Lin, F.V. Hanson, A.G. Oblad, and J. 
Westhoff, Fuel Processing Technology, 16, 173 (1987).
4. 'The Kinetics of the Pyrolysis of Tar Sands and of the 
Combustion of Coked Sands," L.C. Lin, Ph.D. 
Dissertation, 1988.
5. "Mathematical Model of the Pyrolysis of Bitumen- 
impregnated Sandstone Particles. I. Diffusion Dominant 
Transport Regime," L.C. Lin, F.V. Hanson, and A.G. 
Oblad, Fuel Processing Technology (accepted for 
publication.)
University of Utah Reference Number: U-1198, (1986). 
Invention Title: Pyrolysis of Bitumen-Impregnated 
Sandstone in a Riser-Cyclone Reactor 
Principal Inventor: F.V. Hanson, L.C. Lin, A.G. Oblad
